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Statement of Disclaimer
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment of
the course requirements. Acceptance does not imply technical accuracy or reliability. Any use of
information in this report is done at the risk of the user. These risks may include catastrophic
failure of the device or infringement of patent or copyright laws. California Polytechnic State
University at San Luis Obispo and its staff cannot be held liable for any use or misuse of the project.
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Executive Summary
To prevent salp (jellyfish) from entering Diablo Canyon Power Plant’s intake pipes, and
ultimately having the plant shut down as a result, an air bubble curtain is anchored along
the ocean floor for the duration of the salp swarm to create a barrier that prevents the salp
and other debris from entering the intake. The curtain consists of four large air
compressors connected to four parallel pipes with holes strategically drilled at various
places along the length of the pipe. When the air compressors are turned on, a torrent of
bubbles are shot out from the pipes which create a current which deters the salp from
floating into the intake. As the ocean floor shifts with the current and tide, the pipes
becomes unlevel and do not produce an adequate barrier of bubbles across the length of
the pipe. To improve the bubble curtain, our team was tasked with creating a self-leveling
anchor system to work with the existing air bubble curtain pipes.

Over the course of the last academic year, we designed, built, and tested a model sized
prototype of an anchoring concept that would keep the bubble curtain pipes level. The final
design suspends the bubble curtain pipes from buoys. The concept uses the surface of the
water to remain level, while a long tether to a ground anchor keeps it from floating freely.
Through testing, we determined this design stays level independent of change in floor
elevation. However, the effectiveness is dependent on the tide, and works best at low tide
and in water with a low tide greater than 20 feet. We recommend designing this system for
deeper sections of the intake bay, and implementing it to allow a constant upward slope in
the bubble pipe. Before building a complete system, we recommend constructing and
testing a partial system to insure it behaves as expected and withstands full-scale ocean
conditions.
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1. Introduction
1.1. Project Participants
The Air Bubble Curtain Anchoring project is aimed at improving the anchoring system of the
existing bubble curtain at Diablo Canyon Power Plant (DCPP). The air bubble curtain is a long pipe
laid along the ocean floor that emits bubbles in order to create a countercurrent that deters sea life
and debris from flowing into the intake of the power plant. The existing bubble curtain, which is
further described in Section 2, shifts as the ocean floor moves. The pipes become unlevel, and do
not emit bubbles in downward sloped sections, resulting in isolated groups of bubbles. The goal of
this project was to design an anchoring system that allows the pipes to stay level without human
interaction, or is otherwise resistant to elevation changes of the ocean floor. This goal was
accomplished through a process of designing, building, and testing of an anchoring system, outlined
in Sections 3- Section 5.
The Air Bubble Curtain Project is Cal Poly Senior Project, sponsored by DCPP. Three Cal Poly
students, Donovan Lawrence, Dakota Schwartz, and Christian Young completed this project during
September 2016-June 2017 with the advisory of Professor Eileen Rossman and our DCPP sponsors
including Anderson Lin.

1.2. Project Scope

Due to the complexity and immensity of the ocean, we decided to use a scale physical model in our
design rather than an analytical or ocean sized model. To produce acceptable and meaningful
results in a test setting, we used similitude modeling (Munson, 2002). Selection of independent
variables was done carefully in order to produce a useful dimensional analysis.

1.3. Project Management

Milestones and Dates
•
•
•
•
•
•
•
•

Project Proposal (10/25/16)
Preliminary Design Review Report (11/17/16)
Preliminary Design Review with Sponsor (12/02/16)
Critical Design Review Report (02/07/17)
Critical Design Review with Sponsor (02/14/17)
Project Update Report (03/16/17)
Project Hardware/Safety Demo (05/02/17)
Final Design Review Report (06/02/17)

Responsibilities

Point of Contact:
• Dakota was the point of contact for the group. She handled all e-mails and communication
to and from the DCPP management team.

Initial Design:
• All team members contributed in the initial design stages, including brainstorming and
choosing a design direction.
• Christian was the progress evaluator. He kept a detailed documentation of project progress.
All members kept a record of progress in their logbooks.
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Design:
• Dakota was the lead designer of the test tank for the analysis of the anchoring system.
• Christian was the lead designer of the anchoring system.
• Donavan was in charge of the manufacturing considerations, making sure that the designs
are realistic and easy to manufacture.
Prototype Fabrications:
• Donavan was in charge of acquiring the materials for each prototype.
• Dakota was in charge of building the test tank.
• Christian was in charge of building the anchoring system.
Testing:
• Donavan was in charge of creating a testing procedure.
• Christian was in charge of testing the prototype and retrieving data.
• Dakota was in charge of analyzing the data acquired.

Gantt Chart

Using Microsoft Project, we were able to create a Gantt chart that shows an estimated timeline for
the entire project. This chart considers which milestones are dependent on each other and
schedules them accordingly. This chart can be found in Appendix E.
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1.4. Safety Plan
Safety Hazard Identification Checklist
Safety is a priority for the duration of this project. Through this process, we payed attention to the
safety of ourselves, those we are designing for, and anyone else who may come into contact with
our design during testing or implementation. As a preliminary safety measure, the below Figure 1
was updated periodically to account for other potential hazards we encountered as we proceeded
with our design.

Figure 1: Safety design hazard checklist provided by Cal Poly’s Mechanical Engineering
Department.
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To account for these potential hazards, Figure 2 details the plan of action. Due to Cal Poly’s
Mechanical Engineering Department rules, we performed the majority of our building and testing
on Cal Poly’s campus machine shops. No building happened in our own homes or other off campus
locations without department approval.

Figure 2: Descriptions of hazards and planned corrective action.
Manufacturing
Safety for ourselves and others remains an important aspect beyond the design. Manufacturing
took place on Cal Poly campus, per the Cal Poly ME Department requirements. Most manufacturing
happened in Mustang 60, the Cal Poly machine shop located in building 128 (Bonderson).
Manufacturing also happened in Cal Poly’s Hanger machine shop. To maintain safety, the following
points were adhered to:
1.
2.
3.
4.

All machine shop rules were followed
Work involving power tools was not done without other people present
Shop techs were asked for help in the case of uncertainty
The manufacturing plan was followed

Testing
Testing took place in the Cal Poly Mechanical Engineering Fluids lab (192-102). Professor Russ
Westphal and M.E. Department safety rep, Jim Gerhardt, are the contacts for fluids lab use. We got
the final approval by sharing our safety procedure protocol and information.
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Special Procedures and Maintenance
There was at least two of the team members in the fluids lab while there was a test being
performed. The model was secure in the safety of the fluids lab. None of the components needed
maintenance regularly, because it is only a model and there were only a few tests performed on it
before it can be discarded or put into storage.

2. Background

2.1. Diablo Canyon Power Plant
DCPP, a twin pressurized-water reactor nuclear power plant, is located in Avila Beach California
and supplies about 8.6% of California’s energy (Mayeda, 2013). Electricity production relies on
transferring the energy from the nuclear reactor to water diverted from the ocean, creating steam
that spins the turbines. The ocean water needed for the power plant comes from the intake bay. The
function of the two reactors (referred to as Unit 1 and Unit 2) is dependent on receiving proper flow
from the intake bay. Background information on the intake bay, problems concerning the intake
bay, and current solutions are discussed in greater detail in this section.

Intake Bay

The intake bay is approximately 1000 ft across and 700 ft wide. The depth at the shallow end (4 in
Figure 3) is about 10 ft, and about 40 ft at the end of the west breakwater. When on, units 1 and 2
draw flowrates, although the total current is determined more by the ocean than it is by the intake.
The West and East breakwaters are constructed of concrete parts that fit together. Current does
pass through them, but it is a diminished amount. The total current is usually directed Northwest,
and approaches Unit 2 (3 in Figure 3) directly.

Figure 3: Visual of intake bay. 1 notes west
breakwater, 2 notes Unit 1 intake, 3 notes Unit 2
intake, 4 notes rock with permanent chain, and 5
notes east breakwater.

The current Air Bubble Curtain is extended from
the midpoint of the West breakwater to the
permanent chain around the rock (4 in Figure 3).
This was designed for convenience, as the
permanent chain was the easiest place to attach
the Curtain, and the angle allows the curtain to
redirect the surface current. Optimization of the
curtain angle is outside the scope of this project.
We plan to use the existing configuration in our
anchor design.

Salp
The main reason DCPP needed to deploy the air bubble curtain was salp. Salp are barrel-shaped
tunicates that are often mistaken for jellyfish, but are actually much more biologically complex
(Goodheart, 2010). They move through water by pumping water through their bodies in a type of
jet propulsion. Their propulsion is considered to be one of the most efficient in the animal kingdom.
Salp can range in size from a less than an inch to ten inches (CNRS, 2016). They reproduce asexually
and attach to each other, forming long chains that can move in harmony with each other. They eat
by filtering the water for phytoplankton. When the phytoplankton are available in vast quantities
the salp explode in population.
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High concentrations of salp can overload DCPP intake screens, requiring mandatory plant
“curtailment or shutdown”, as noted in a report submitted to the Nuclear Energy Institute (Diablo
Canyon Power Plant, 2014). This report notes that salp and jellyfish swarms have occurred multiple
times in recent history: once in 2008, twice in 2012, and three times in 2013. Each intrusion lasts
about 3-7 days. Each day of plant shut down costs approximately $3 million dollars. A visual
example of a high salp concentration can be found in Figure 2.
Diablo Canyon Unit 2 was shut down in October 2008 due to jellyfish, according to the report
submitted by DCPP to the Nuclear Regulatory Commission (Diablo Canyon Power Plant, 2008). The
jellyfish (not salp) caused a high differential pressure across the intake screens, resulting in
bringing power to 0%. Influxes of salp, other sea-life and debris are costly hazards to the nuclear
plants operation due to their ability to clog intake screens and cause plant shutdown.

Figure 4: Example of the concentration of salp present in an
intrusion.
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2.2. Benchmarking
Current DCPP Bubble Curtain
To deter salp from clogging intake screens and causing a plant shutdown, DCPP implemented the
first version of the Air Bubble Curtain (ABC) during a salp bloom in 2012 (Diablo Canyon Power
Plant, 2014). The concept was developed following the observation that air bubbles easily adhere to
the underside of a salp’s body, causing it to rise to the surface. The ABC is designed with little holes
to release small bubbles to adhere to salp, and larger holes to emit bigger bubbles which cause an
upward current. As seen in Figure 3, the concept is to lift salp to the surface to divert them out of
the incoming current, and into the surface current.
Surface counter-current
diverted toward the cove

Boom to divert Surface current
diverted toward the cove

In-coming current

Figure 5: Concept of the Air Bubble Curtain currently used at Diablo Canyon Power
Plant. Salp, depicted by the star shaped figures, are pushed toward the intake by the
current. Bubbles lift them to the surface, where they are diverted away from the plant
intake by the surface current and float boom (yellow block). (Diablo Canyon Power
Plant, 2014)
As pictured in Figure 4, the pipes along the intake bay floor are about halfway between the east
breakwater and Unit 1 and 2 intakes. The pipes are connected via firehoses to an air compressor
operating at 1600 CFM. Complete drawings of the intake bay with the ABC pipes can be found in
Appendix A.

Figure 6: Details of ABC layout.
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Figure 4 shows greater detail of the pipes used in the ABC design. The pipes extend 550 feet across
the bay, and have 3/16 in, 1/8 in and 1/16 in holes in two parallel rows on top to release bubbles.
All pipes do not release bubbles at the same positions; because of compressor capabilities, the
bubble holes are offset along the distance of each pipe. One row of pipe does not release bubbles
until it is 300 feet from firehouse connection point. The other rows release bubbles immediately.
The ocean current naturally directs toward the Unit 2 intake and therefore has the highest bubble
concentration of pipes. Pipe and connection parameters can be found in Table 1 and are labeled in
greater detail in Appendix A.
Table 1: Pipe and Coupling parameters.
Pipe
Type of Pipe
O.D.
I.D.
Weight
Length of
Section

HDPE
4.5 in

3.3633 in

2.31 lb/ft
20 ft

Coupling
Type

Current Anchoring System

SS Victaulic Coupling

Weight
4 lb uses involves the concrete parking bumpers
The anchoring system that the
power plant currently
used in car lots. They altered these bumpers by drilling holes into the tops of the blocks and
Weight of
10 lb
installing hooks. Chains attach the hooks to the bubble curtain tubes using carabiners. There are
Fittings
eight anchors at the beginning of the pipes and then two every five feet along the length of the
pipes. When the sand floor shifts and the anchors sink, DCPP has to hire divers to adjust the chains,
except the divers are not always available. This causes the pipes to tilt, creating holes in the bubble
curtain big enough for salp to penetrate.

Bubble Curtain Operation

The DCPP team used a ramp to deploy the ABC, sliding the pipes into the water. They connected
each section of pipe separately at the start of the ramp. Then they attached the anchors to the pipes.
This process takes three days. When the bubble curtain is deployed, it can only stay in the water for
30 days at a time due to regulations. The DCPP team must then reverse the process and clean the
pipes of algae.

Ringhals Bubble Curtain and Anchoring System

Currently, the Ringhals nuclear power plant in Väröbacka, Sweden has a bubble curtain installed to
prevent moon jellyfish from entering their intake, similar to DCPP. In 2004, Ringhals power plant
had to shut down three separate times due to large collections of jellyfish in the cooling water
strainer house (Ksu, 2004). Too prevent more jellyfish from entering they also deployed a bubble
curtain system. They use a relatively small diameter hoses with holes punctured in them in order to
produce the bubbles. A boom is set up in the water in order to divert floating debris back into the
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curtain. The intake for the Ringhals power plant is lined with concrete. The anchoring system they
use involves a cable network attached along the bubble curtain. A photo of a 10-year old anchor
cable network used is shown in Figure 5 below.

Figure 7: A 10-year old anchor cable network used
for bubble curtain anchoring applications at
Ringhals Nuclear Power Plant
This cable network is attached to the floor of the intake using metal stakes. Since the current at
Ringhals is not as powerful as the one at DCPP and because of the concrete lining, the floor of the
intake does not shift. The stakes work well enough in order to keep the bubble curtain anchored for
long periods of time.

Other Anchoring Systems

Torpedo Anchor
Torpedo anchors are used for deep-water offshore mooring. The anchors are cone tipped cylinders
that burrow into the sea floor after dropping them from a designated height in the water (Y.H. Kim,
2015). Rough schematics of two types of torpedo anchors are shown in Figure 6 below.

Figure 8: Torpedo anchors with and without fins
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The frame of a torpedo anchor is generally made from steel pipes. The pipes are then ballasted with
concrete and scrap metal in order to increase the kinetic energy gained by the anchor after they are
dropped. The design of the anchors varies with drop height and the desired burrowing depth in the
sea bed. These types of anchors are easy to install and can be used in ultra-deep water. However,
larger water depths increase the chance of horizontal drift when dropping the anchors, causing
them to go off target.
Stockless Anchors
The most common type of anchor for ships is called a stockless anchor or drag anchor. The anchors
have flukes and bills in order to dig into the sea floor. This prevents boats from being taken away
from the tide; However, it does not prevent the boat from moving against the current. As shown in
Figure 7, the anchor prevents the motion in the direction that it is facing. These anchors are easily
removed by lifting them vertically out of the sea floor.

Figure 9: A stockless anchor preventing movement in the direction of the chain. The pictures are of one
instance at different points in time.

2.3. Attached Project Proposal Problem Statement and Goals
Diablo Canyon Power Plant needs an anchoring system for their air bubble curtain that secures and
levels the curtain as the sandy ocean bottom of the power plant’s intake bay shifts. The goal of this
project was to design, build and test an anchoring system that meets DCPP’s requirements and our
engineering specifications that were derived from those requirements. The success of our solution
will be judged by how well it meets these specifications. Below is a list of our overall goals for the
duration of this project.
Overall Goals:
• Design an anchoring system for the existing Air Bubble Curtain
• Design and build a test tank for the anchor system model
• Build a model of the designed anchor system with a model Air Bubble Curtain
• Test anchor system using the model
• Analyze design for effectiveness
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2.4. DCPP’s Requirements
This information was gathered through the initial project PowerPoint presentation, discussion with
our DCPP sponsor Anderson Lin, and meeting with other advisors in our team visit to DCPP. The
discussion and visit were key in our decision to focus the scope of our project to the Air Bubble
Curtain’s anchoring system. Our background research led us to the following requirements for the
anchoring design:
•
•
•
•
•
•
•

Functional as an anchor
Self-Leveling
Effectively deters salp
Can withstand salt water
Able to be uninstalled
Non-toxic
Withstands expected conditions

2.5. Engineering Specifications

In the interest of a functional design, the above requirements were translated to engineering
specifications with the aid of the Quality Function Deployment (QFD) method. This approach
defines the customers’ needs and requirements, then translates them to specifics to meet those
needs (Crow, 2016). A complete QFD can be found in Appendix B. Table 2 shows the results of the
QFD process in the form of engineering specifications.
Table 2: Engineering Specifications Table. Each specification is assigned a risk level, High (H), Medium
(M), or Low (L), noting its relative difficulty to complete. Additionally, compliance, or how we plan to
verify design requirements, are listed as Analysis (A), Test(T), Similarity to Existing Designs (S) and
Inspection (I).
Spec. Parameter Description
#

Requirement

Tolerance

Risk

Compliance

2

0°

± 20°

H

T, A, I

1

Pipe Deflection

3

Bubble Area Coverage of
Water Column Above the
Bubble Curtain

4
5
6
7

Pipe Angle (from
horizontal)

0 ft

80%

± 5 Feet/20 Feet
Min.

L

H

T, A

T, A, I

Corrosion Resistance
Time

30 days

Min.

L

S, A

Material Toxicity

Zero

Zero

L

A

Individual Part Weight
Able to Resist Flowrate
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200 lbs.
1.3 ft/s

Max

Min.

M
M

A, I

T, I, S

The parameters relate to the DCPP anchor system requirements listed in Section 3.2. To ensure our
design is a functional anchor for the Air Bubble Curtain, we decided to constrain its movement on
the plane of the intake bay floor to within 3 feet of its original placement. This specification was
anticipated to be low risk in the overall design. To ensure the pipe is able to stay level, we limited
the pipe angle to be a maximum of 20° off center after system leveling. We anticipated 20° might
have still inhibited bubbles, and we tried to limit the pipe angle as much as possible. To ensure the
bubble curtain remains an effective salp deterrent, water column bubble coverage needs to be a
minimum of 80%. This is an arbitrary number based on the estimated coverage of the current
system. To withstand expected conditions, no materials were used that corrode heavily within the
expected maximum use of the bubble curtain. So the anchoring system can be removed by two
people, no part weight shall exceed 200lbs. As to not be harmful to sea life, no toxic materials were
used. To maintain function and durability in maximum expected ocean conditions, our design shall
account for the maximum expected flowrate. In the QFD, all of these parameters are compared to
the customer requirements to see how well they correlate.

Other benchmarking ideas were included on the right side of the QFD. The benchmarked ideas were
rated to see how well they incorporated the customer requirements.

2.6. Tests Required

Multiple specifications require tests to verify. Each specification in need of a test is listed below,
along with how we planned to test it.

Pipe Angle: This specification was tested using a physical model of the system. The model
simulated elevation changes of the intake bay floor. The pipe angle was measured to determine the
self-leveling aspect of our anchoring design. Additionally, we recorded data on conditions in which
the pipe did not emit bubbles.

Bubble Coverage: This was tested in conjunction with the previous test, and by altering the water
height to simulate tide change. Percentage of water column covered following bay floor shifts and
pipe leveling determines total bubble coverage.

Flowrate Durability: During and after each test, our model was inspected for part breakage or
severe deformation to determine its durability during normal and maximum ocean conditions.
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3. Design Development
3.1. The Design Process
The general design process we followed throughout this project is the one shown in Figure 8 below.

Figure 10: The general format for the design processed that is going to be followed.

Define the Problem
The main purpose of the previous project proposal was for us to define the scope, and convince you
that we understood the problem, studied the background information, and will follow the processes
outlined below.
Conceptualize
After this document has been sent out several ideation sessions will be held in order to come up
with ideas on how to solve the problem defined above. These ideation sessions will consist of the
team performing a series of set breaking activities in order to get creative ideas flowing. The idea is
to do several of these sessions in order for the team to have time to incubate about the ideas made
in these sessions.
Evaluate/Analyze
Once all the ideas have been generated, the team will decide on the idea that has the most realistic
potential for the desired application. After that a preliminary design review will be held in order to
document the chosen concept for the design and support that decision with appropriate evidence.

Detailed Design
This step is a more detailed look into the design. Several hand calculations, detailed part drawings,
and schematics will be compiled into a critical design review. All of the parts and materials will be
specified and ordered at this time and a well prepared presentation will be delivered to the
management team at DCPP to ensure that everything is ready for the manufacturing process.
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Manufacture
After the critical design presentation has been completed, the manufacturing process will follow. At
this point, a test tank, as well as a scaled down version of the design, will be manufactured from the
specifications made in the critical design review. A manufacturing and test review will be held at Cal
Poly to report on the status of component manufacturing, the updated test plan, and a safety
checklist.
Validate
Once the test rig and detailed design have been built, a series of tests will be performed in order to
validate that the design performs all of the engineering specifications that were specified in this
project proposal.

Report
All of the test data and analysis will be compiled into a final design review. One final presentation
will be held at DCPP for the advising team in order to show the details of the results found through
the testing.

3.2. Ideation

Ideation Process
In order to generate as many ideas as possible, we conducted a series of ideation sessions. First, we
defined our functions (self-leveling or ability to remain level, and anchoring), and used a variety of
brainstorming techniques, including brainstorming and brainwriting, to generate ideas. During
brainstorming sessions, we wrote all ideas down on whiteboards. During brainwriting sessions, we
wrote ideas down on paper, then passed them to a teammate to add to our idea list. These
techniques were applied to the bubble curtain as a whole, each of the bubble curtain’s functions,
and the test tank. Some of the ideation results are shown in Figure 9 on the next page.
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Figure 11: Examples of different ideation techniques used

Quantitative
To assist in the selection of a feasible concept, preliminary statics, buoyancy, drag, and deflection
calculations were done in order to better understand the current system. These calculations were
built from calculations done by DCPP for the current anchoring system, and altered using Excel to
analyze system parameters per foot in with adjustable anchor spacing. The free body diagrams of
the bubble pipe and the car stop anchor can be found in Figure 10. Descriptions and summaries of
each calculation can be found below. Sample calculations of each calculation type can be found in
Appendix D.

Figure 12: Free body diagram of the bubble pipe (left) and the car stop anchor
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Buoyancy
This is one of the most important forces acting on the pipe and anchor system, due to the large
amount of sea water displaced by the relatively less dense pipe. For these calculations, the weight
of the system component (pipe or curb) was subtracted from the weight of the water displaced, as
seen in Equation 1.1.
𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 �
Eq.1.1 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =
𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑙𝑙𝑏𝑏𝑓𝑓
�
𝑓𝑓𝑓𝑓

𝑙𝑙𝑏𝑏
𝜋𝜋𝐷𝐷2
𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑔𝑔 [ 𝑓𝑓𝑓𝑓𝑓𝑓]
4

𝑙𝑙𝑏𝑏𝑓𝑓
𝜋𝜋(𝑂𝑂𝑂𝑂 2 − 𝐼𝐼𝐷𝐷 2 )
𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑔𝑔 [ ]
𝑓𝑓𝑓𝑓
4

For convenience, the force was calculated using units of lbforce/foot, so calculations can be scaled for
various anchor setups. A summary of buoyancy calculations can be found in Table 3.
Table 3: Summary of buoyancy calculations on current anchor
components.

Force of Buoyancy
OD
Pipe
Pipe
Coupling
Polycam Fitting
Concrete Density
Curb
Volume
Density
Salt
Water
Specific Gravity
[60°F]
Gravity
Force of Disp. Water
Pipe
Weight of Pipe
Outputs
Buoyancy Force
Force of Disp. Water
Curb
Weight of Pipe
Outputs
Buoyancy Force

4.5
2.3
4.0
10.0
150.0
1.0
62.4
1.025
32.2
221.7
-164.4
57.3
2057.8
4826.1

in
lb/ft
lb
lb
lb/ft^3
ft^3
lb/ft^3
ft/s^2
lb/ft [+up]
lb/ft [+up]
lb/ft [+up]
lb [+up]
lb [+up]

-2768.3 lb [+up]

Please note, the discrepancy between our buoyancy force totals from DCPPs previous calculations
(see Appendix D) has to do with units.
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Drag and Statics
Drag was found using the drag equation (Equation 1.2.). This calculation was done per unit length
so the drag force on pipe sections of varying length could be found. Current velocity was assumed
to me a maximum of 1.3 feet/s, as assumed in previous DCPP calculations (see Appendix D).
𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =

𝐶𝐶𝑑𝑑 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 /𝐿𝐿 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑉𝑉 2
2𝑔𝑔

𝑙𝑙𝑏𝑏
𝑓𝑓𝑓𝑓

[

]

Eq.1.2.

The drag force, in combination with buoyancy is significant in appropriate anchor design, since it is
important the anchor does not move. As seen in Table 4, to ensure no movement in the y-direction
(along the ocean floor), the force of friction must be greater than the force of drag from the ocean
current. The force of friction opposes the drag force, and is proportional to the normal force. This is
why it is important both are calculated in the same units. For anchors spaced 10 feet apart, the
force of drag is very small compared to that of friction, so the concrete anchor will not move.
Additionally, this table shows the statics in the z-direction (the direction of ocean height) to show
the anchor will not move upwards.
Table 4: Summary of statics calculations for
current pipe and anchor system.

Force ZDirection

Force YDirection

Parameters

Anchor and Pipe Statics
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Pipes/Anchor
Static Friction
Anchor Spacing

2
0.45*
10 ft

Curbs/anchor
1
Normal Force
1818.1 lb
Ffriction
818.2 lb
Fdrag
15.1 lb
Ff>Fd
803.1 YES
Static(Y)?
Yes
FOS
1.2
ƩFbuoyancy
2293.2 lb
Ʃfcurb
-2768.3 lb
ƩFz
-16.4 lb
Static Z?
Yes
*wet concrete on medium, silty sand

Deflection
To account for deflection or breakage of the bubble pipe, deflection calculations were used to
evaluate several concepts, and will be used to further determine the geometry of our final concept.
See Figure 11 for a schematic of deflection across pipe length.

Figure 13: Deflection expected from distributed
buoyancy load between pipe anchors.
Using the buoyant force as a distributed load, and the geometry of the pipe, deflection was
calculated at various anchor distances. As expected, the further apart the anchors, the greater the
deflection. Due to deflection that could cause damage to the pipes, or a large angle change along the
length of the pipe, many concepts were decided against. A summary of the parameters the resulting
deflection of a 10 foot section of pipe can be found in Table 5.
Table 5: The expected deflection of the bubble pipe.

Input

Bubble Pipe Deflection
Net Buoyancy Force, w [lb/ft]:
Length, L [ft]:
Elastic Modulus, E [psi]:
Inner diameter, di [in]:

Output

Outer diameter, do [in]:
Maximum Deflection, zmax [in]:
Approximate ϴ [°]

57.33
10
110,000
3.633
4.5
10.129
4.825

Matrices
Once we had plenty of ideas to choose from, we narrowed it down to the top seven ideas by
focusing on feasibility. From there we created a Pugh matrix; a Pugh matrix accounts for each
concept’s ability to satisfy the customer requirements relative to the existing product. This
comparison helps determine which concept has the most potential to satisfy the customer.
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We also created a decision matrix. The decision matrix differs in that each criteria is weighted by
importance, and each concept is scaled with each criterion. The result is a number for each concept,
allowing us to compare how each concept completes each criteria relative to each other. The
summary of the decision matrix can be found in Table 6 (the top concepts listed are explained in
depth in the next section). The Pugh and Decision matrices for our project can be found in
Appendix F.
Table 6: Summary of the decision matrix

Concepts

Total
Score

Normalized
Score

Torpedo

5.67

0.86

Pulley System

5.40

0.81

Adjustable Poles

3.70

0.56

Reconfigured
Current System

5.80

0.87

Buoy System

6.60

1.00

The decision matrix was more helpful than the Pugh matrix, as most Pugh criteria were very
similar. From these decision matrices, we were able to compare concepts for
feasibility and effectiveness. As seen in the results table for the decision
matrix, the buoy system, reconfigured current system, and torpedo systems
scored highest, with the adjustable pole system scoring poorly.

3.3. Concepts

Concept 1: Mini Torpedo Anchor

Description: As pictured in Figure 12, large torpedoes are used in anchoring
applications such as for oil rigs. They are dropped off the side of a ship, and
bury into the ground using the kinetic energy gained from the drop. Concept
1 would be to create a miniature version of the torpedo anchor, that would
have enough kinetic energy to bury deep enough into the ocean floor to not
be affected by the shifting top layer. More information on existing torpedo
anchors can be found in the Background Section.
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Figure 14: A large
torpedo anchor,
used mainly to
anchor oil rigs.

Components: This design would consist of torpedoes placed periodically along the ocean floor,
with cables or chains to connect to the bubble pipe.

Considerations: Ultimately, we decided not to go with this option, as torpedoes would be difficult
to remove from the ocean floor when the bubble curtain was removed. Additional issues with this
concept are discussed in Section 4.3.6.

Concept 2: Pulley System

Description: Multiple configurations of this concept were worked with in ideation sessions, using
the materials pictured in Figure 13. Using pulleys and attachments on the ocean bottom, the pipe is
allowed to readjust with sea floor changes.
Components: Pulleys and steel cable or chain would be
necessary additions to the current system for this concept.
Considerations: Since the pipe fills with water during
installation, and never completely empties, there are
pockets of water inside the pipe. This attributes to the
complex fluid dynamics causing bubble interruptions on
downhill pipe angles. Since there is water in the pipe that
collects unevenly, the pipe may not be able to self-level.
Additionally, appropriate tensioning of cable through the
pulleys and across the length of the system would be
needed to allow the pipe to self-adjust.

Figure 15: Pulleys are used to allow the pipe
to level itself as the ocean floor changes.

Concept 3: Adjustable Poles from Ocean Surface

Description: The concept behind this idea was to allow
the pipes to be adjusted from the ocean surface. As seen
in Figure 14, the poles will attach to the anchor, with a
tube around the pole connection to the pipe at one end,
and is adjustable to the top of the pole at the other end.
When to sand level changes, the tube can be lowered to
readjust the pipe height relative to the ocean bottom.

Components: Ocean height poles, with outside piping or
track connection the pipe to the pole tops, and locking or
adjustable component at the top to lock the pipe in place.
Considerations: The ocean level changes with tide,
which could be an issue for adjusting the pipe height.
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Figure 16: Ideation of concept 3, with the
orange tube as the bubble pipe, and the blue
string as ocean level.

Concept 4: Reconfigured Current System

Description: As seen in Figure 15, this system would be very
similar to the current system in existence. To make the pipe
more resistant to floor shifts and resulting angle changes, the
length between the anchors would be increases, as with the
length of the cables attaching to the anchors.

Components: Due to similarity between this and the
original system, only additional chain or cable would be
required.

Considerations: This system would not be self-leveling. It
would only be a passive way to reduce the effect of ocean
bottom elevation changes.

Figure 17: Reconfigured current system
with more length between the anchors, and
longer chains connecting to the pipe.

Concept 5: Buoy Leveling System

Description: This system suspends the pipes from several buoys
on the surface. The rational being that the surface of the water in
the breakwater will always be level. Hanging the bubble curtain
from this level surface would result in the bubble curtain itself
being level. As seen in Figure 16, the buoy would be attached to the
pipes of the bubble curtain. Concrete curbs would then be used as
secondary anchors to constrain lateral movement of the bubble
curtain. Preliminary motion analysis can be seen in Figure 17.

Components: Buoys and chains or cables would be additional
system components.

Considerations: Ocean tides change by up to 8 feet during tide
cycles. The anchor cable length would have to allow movement
without pulling the anchor further down, reducing the overall
bubble curtain height during high tide. Additionally, the pipe is
buoyant, and would need to be weighed down to tension the chain
connecting it to the buoy.

Figure 18: Cross section of the
buoy leveling system uses the
surface ocean level to maintain
elevation,

Figure 19: Preliminary motion analysis of the buoy system.
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Motion: To better understand the expected motion of this system, position at four conditions are
shown in a cross section of the bay. Current is assumed as moving right. Side A shows ocean bottom
at its initial height, at maximum high tide, and minimum low tide. Side B shows ocean bottom at
maximum change in elevation, at maximum high tide, and minimum low tide. The pipe (black dot)
will move along the dotted radius, with the angle increasing with the tide. This system will be
designed for extreme conditions (high tide and max. ocean bottom elevation change), so the buoys
does not pull the anchor off the ground.

Concepts with Engineering Validation

At this point, we decided that we needed engineering validation before we made a final decision for
our concept. We used the derived equations for buoyancy and deflection and tested how our top
concepts held up to the equations. A simplified summary can be located in Table 7, with a short
discussion of each concept below.
Table 7: Summary of each concept using engineering analysis.
Concept
1
2
3
4
5

Engineering Validation
Buoyancy Drag Deflection
Y
Y
N
N
Y
Y
Y
N
N
Y
Y
Y
Y
Y
Y

Concept 1 (mini-torpedo) proved difficult to analyze numerically, since sand submergence depth
was difficult to calculate accurately. While equations for larger torpedoes do exist, they would be
inaccurate for our scale since multiple feet of submergence would make a big difference in
effectiveness. For instance, drag and buoyancy would be a problem if the total sand submergence of
the torpedo was less than two feet, and could therefore become exposed or sink further. Due to
unknowns, we focused mainly on possible problems, extrapolated from larger torpedoes. Large
torpedoes often miss their ground floor target by dozens of feet. For a large oil rig, this does not
often present a problem. However, for a constrained pipe area, with a definite center line, this
would be problematic. If torpedoes missed their target, they would not effectively anchor the pipe
and would result in larger deflections from the buoyancy and current. Due to perceived riskiness
from unknowns and deflection, we decided not to pursue this concept further.

Concept 2 (pulley system) was tried in many different configurations, and ultimately decided
against because of the complex fluid dynamics inside the pipe. This system would rely on equal
buoyancy within the pipe to keep itself level. In reality, the pipe has, and will most likely continue to
have pockets of water inside of it. This results in unevenly-distributed buoyant force along the
length of the pipe, which may aggravate leveling issues instead of correcting them. While buoyancy
is expected to be an issue, pipe deflection and drag from the current are not.
Concept 3 (adjustable poles) seemed like a good idea before engineering analysis. After doing
calculations, we realized the poles attaching the anchor to the surface would act as a lever arm, and
be very susceptible to the current, as well as being bulky and cumbersome to install. The current
31 | P a g e

would create a moment about the base, which would have to result in a larger anchor structure.
Additionally, the adjusting of pole height at varying water levels would be difficult to reach.

Concept 4 (reconfigured current system), while similar to what is in place now, may hold merit in
simplicity. By adjusting the anchor spacing and chain attachment length, the angle of the pipe
resulting from sea floor shifts would be reduced, possibly enough for the angle of the pipe to not
interfere with pipe bubbling. From calculations, the pipe anchors could be spaced as much as 15
feet apart with the same concrete car curb anchors. More deflection calculations should be
performed for appropriate spacing. While we will not pursue this as our main design, due to the
simplicity and lack of self-leveling components, we hope to test a reconfigured current model along
with our design concept for comparison.

Concept 5 (buoy leveling system) is the design we have decided to pursue. Since this concept uses
the level of the bay surface to maintain pipe elevation, there are additional complications such as
tides. However, this concept stood out in the decision process, and preliminary calculations show it
can be effective. Specifics of this design are discussed in Section 4.3.6, but a brief summary of
preliminary analysis is provided below.
•

Buoyancy: Since the primary anchor will be moved from the ocean bottom for the surface,
the direction of buoyancy will need to change, so the pipe puts tension on the surface buoy
instead of floating up. To add density to the pipe, a steel chain or cable can be added to the
length of the pipe to decrease its buoyancy and attach it to its anchors. Table 8 shows cable
diameters in comparison to the effect on the total buoyant force on the pipe. A ratio of less
than on shows the total downward force of the cable is greater than the pipes upward
buoyancy.

Table 8: Steel cable weight table, showing the effect of buoyancy and the ratio of cable weight
with total buoyancy of the bubble pipe.
Cable Diameter
[in]
1/2
5/8
3/4
7/8
1
1 1/8
•

•

Weight Cable
[lb/ft]
21.50
33.59
48.37
65.83
85.99
108.83

Cable Buoyancy
[lb/ft]
2.81
4.38
6.31
8.59
11.22
14.21

Fcable Total
[lb/ft]
-18.69
-29.20
-42.05
-57.24
-74.76
-94.62

Ratio
Fb_pipe/F_cable
3.07
1.96
1.36
1.00
0.77
0.61

Drag: The drag on the anchors will change significantly with this design. The weighting of
the pipe from the buoys significantly increases the normal force expected on the concrete
curbs, and the buoyant force of the pipes is no longer acting upward. This significantly
increases the resistance to drag since the friction force is increased. The buoy, and chain
connecting the buoy to the pipe will experience drag.
Deflection: This is the expected limiting factor of distance between anchors, though the
addition of cables will balance out the distributed buoyant force, making the point loads the
main cause of deflection. More calculation needs to be done to determine the spacing of
buoys and anchors.
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3.4. Final Concept
Final Concept Description
A solid model of the final concept is shown to the right as Figure 18. The
chosen design revolves around one particular idea. That idea being that the
surface water will remain level regardless of the conditions of the sea floor.
The design consists of attaching a hefty cable to the underside of the bubble
curtain in order to have a resultant net force downwards toward the sea
floor. If the net weight of the bubble curtain pipes and the attached cable are
greater than the overall buoyance force, then it would be possible to suspend
the bubble curtain from the surface of the water. The bubble curtain could
then be suspended using several buoys distributed across the length of the
bubble curtain. Chains at specified lengths along the curtain would be used to
connect the buoys to the curtain.

However, there still would remain the problem of the bubble curtain being
carried away by the drag forces of the current. To prevent this from
happening, the current anchors would be chained to the pipe at a much
further distance then they have previously. The chains would contain enough
slack so that these anchors would only be active if the pipe moved too far
from the desired lateral position. In the case that the ocean floor shifts, the
anchors would be placed far enough away from the pipe that the deflection of
the pipe in the vertical direction would be minimal.

Materials Cost Analysis

Figure 20: Chosen design
concept for leveling and
anchoring the bubble
curtain.

A basic table of needed materials can be found below. Since we must
complete similitude analysis to choose an appropriate model scale, it would
be inaccurate to specify which and how much materials will best simulate the conditions of the
actual bubble curtain. We hope to make our model small enough to be transportable, which would
also decrease the pump size. However, accuracy is important, and will be the biggest determining
factor in model scale. After scale is determined, other materials and costs can be specified. Table 9:
Preliminary cost analysis. The below cost analysis is an incomplete estimate and will be updated
upon scale selection is an incomplete list of expected materials.
Table 9: Preliminary cost analysis. The below cost analysis is an
incomplete estimate and will be updated upon scale selection
Basic Cost Estimate
Pump
$ 500.00
Pipe
$
2.00
Sand
$
4.00
Buoys (12")
$ 25.00
Chain (3/16")
$
1.57
Total
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Amount Total
unit
1 $ 500.00
foot
50 $ 100.00
50lb
2 $
8.00
unit
10 $ 250.00
foot
50 $ 78.50
$ 936.50

4. Final Design
4.1. Design Description
Design
For the bubble curtain model, our final design uses three
sets of buoys and anchors. The buoys (3) and anchors (8)
were attached to unistruts (4), which were purchased parts
from a manufacturing company. These unistruts were
connected to PVC pipes via clamps (5). Since the unistruts
and clamps were both made of steel, they also had the effect
of weighing down the buoyancy of the pipes without having
to add any extra weights. This organization can be seen in
Figure 19. The pipes would then hang from the buoys as
planned using wire ropes (7). The wire rope and the buoy
were connected using carabiners (6).

Figure 21: One junction of the full model.

The entire structure shown in Figure
20 was inserted into a test tank. One
of the PVC pipes had holes and it was
attached to an air compressor to
produce a bubble curtain. The other
three pipes were sealed with plugs,
caulk, and duct tape. A full set of
drawings can be found in Appendix I.

Function Explanation

Figure 22: The final design of the bubble curtain model
consists of three assemblies that are attached to the pipes.
Only one of the pipes will be producing bubbles, which
simulates the conditions of the full-scale bubble curtain. On
the ends of the pipes are plugs (2) and a flexible hose (3)
which will attach to an air compressor.

This design aims to provide pipe selfleveling using the ocean surface to
remain level. Buoys float on the
surface and are the primary anchor
for the pipes. The pipe is connected to
the ocean floor by a long chain
attached to a concrete anchor. This
prevents the pipe from floating away
while translating the sea floor changes
into lateral motion since the pipe is
dependent on the sea level for its
height.

The chain connecting the anchor to
the bubble pipe was chosen using a
tide of 8 feet and an expected anchor
movement of 2 feet into the sea floor. The chain connecting the buoy to the pipe will be sized for
specific sea floor elevations. For the purposed of the model, the chain is sized to be scaled 20 feet,
due to test tank height restrictions. Because there is a greater percentage of bubble coverage in
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deeper water, this system is more effective in deeper water. See Section 5.3.2 for a complete
performance prediction, including minimum effective height.

For the purposes of the above figures, the buoy is shown to be directly above the pipe system.
However, it will experience some drag force by the current and may not be directly above the pipe.
Since a surface current exists, as well as current created by the bubble curtain, the relative locations
of the buoys are unknown.

Material Selection

The main concern for this project, as far as material selection goes, was that almost all the
equipment would be submerged in the ocean. This called for choosing materials that would be
resistant to corrosion and be able to withstand the current in the salt water. Since the existing
bubble curtain pipes were not going to be altered, a new material did not have to be chosen;
However, for the purposes of the model, the decision was made to use PVC instead of HDPE pipes.
Much like HDPE, PVC is corrosion resistant, but PVC is much cheaper and easier to acquire in
smaller sizes. The buoy was also decided to be made from the same material as the model pipes. For
all the metal components, stainless steel 316 was chosen. This included the unistruts, pipe clamps,
cables, and cable sleeves. “Because stainless steel contains at least 10.5% chromium, the oxidation
of the iron is changed to produce a complex oxide that resists further oxidation and forms a passive
layer on the surface” (Stainless Steel for Coastal and Salt Corrosion, 2002). After further
investigation, it seems that bronze may have been the best choice, but due to the availability of
stainless steel versus bronze in pre-manufactured parts no alterations in material choice was made.
Some of the materials for the test rig were not made of stainless steel, but since the rig would not
remain submerged in saltwater for long periods of time, the team was not worried about
deleterious corrosion.

4.2. Tank Discussion
Function

The test tank used to test the final design had to be large enough to test the full system range of
motion, and allow for sight and measurement in the tank. Originally, our team planned to build the
tank. Since the tank requirements included drainage, electricity, and a relatively large area, it was
decided that the Cal Poly Fluids Lab Weir Box would be used instead of constructing a new tank.
The weir box inside the Fluids Lab was not in use for many years, due to issues with fluid getting
stuck in the sump drain and producing fumes. Last year, the Cal Poly Robotics Club fixed and
modified the box to hold water to test an aquatic robot (Lisa Dischinger, 2016). Due to their
alterations, the tank meets our test requirements. Figure 24 is an older picture of the weir box; The
weir plate was replaced and the tank could be filled all the way to the top if necessary. Figure 23
shows the side view of the same tank.
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Figure 24: The weir box in the 192-102 fluids lab. This picture
is before alterations were made; the weir plate no longer
exists and tank can be filled to full height.

Figure 23: Side view of the previously pictured weir box.

Using the Tank
Despite its location in the fluids lab, the tank was somewhat difficult to fill. It was filled using a hose
connected to the sink about 30 feet away. While this is not a problem, it affected the order in which
we conducted tests, to avoid filling and emptying the tank regularly. To drain the tank, the robotics
team diverted the drain line from the sump to the floor drain. Our contacts for receiving permission
to use the Weir Box included Professor Russel Westphal and the ME Department safety
representative, Jim Gerhardt.

Air Pump

An air pump was used with the model pipe system to replicate the bubble curtain in the actual size.
This allowed for observations on the effect of the surface current on the buoy and to see possibly
see changes in bubble emission due to pipe angle (from horizontal). An air pump was chosen based
on the calculations in Appendix C, and an associated Excel spreadsheet. Modifications to the actual
pipe design were made for manufacturability on a model scale. The original pipe has two rows of
bubbles. Using the scaled holes, the approximate volume of each bubble was found. A new hole
diameter was found using the same bubble volume with only one whole instead of two. This
allowed for drilling one row instead of two rows. Additionally, the spacing and size of the holes
were altered slightly from the actual pipe to produce the same total volume of bubbles with spacing
easier to measure and manufacture. Bubble behavior is complex; we anticipated having to remake
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the bubble pipe to find the most accurate configuration. The final pipe had between 24 and 60
holes/foot.

The flowrate of the air pump was found using the volume of bubbles needed above the pipe and the
average time it takes the bubbles to travel in the fluid they are immersed in. To keep an
approximately 20% volume of air directly above the pipe, a
flowrate of 3.2 CFM is needed. This is about 70 LPM. This air
volume corresponded with air pumps used in large aquariums
and ponds to aerate water for fish. The air pump selected is a
Protech Electric-magnetic Aquarium Air Pump Oxygen Tank
Aquarium, 105W, adjustable between 20-85 LPM, picture in
Figure 23.

4.3. Design Justification
Analysis

Analysis was done throughout the design process. Similitude
Figure 25: Protech 105W aquarium
analysis, discussed below and in Appendix C , was done to
air pump.
determine model scale and necessary tank properties. Using
the model scale determination, each component of the bubble
pipe system was sized and a factor of safety was determined. A discussion of each loaded
component can be found below and calculations can also be found in Appendix C.

Similitude Analysis
Initially, similitude analysis was done on the system to create pi groups. The pi groups would allow
for geometric and dynamic scaling of the parameters in the system. As shown in Appendix C, two
dynamically similar pi groups were found: Reynold’s number, and a drag coefficient per unit length.
A new pipe diameter was chosen based on the smallest size pipe that the team thought they could
drill holes into. Then using Reynold’s number as a pi group, an appropriately scaled flowrate was
given. After obtaining the new flowrate, the other dynamically similar pi group was used to get a
scaled drag force per unit length. Once a new drag force was found, all the other forces could be
scaled by the same factor yielding the needed weights and buoyancy forces required in the system.
However, the new flowrate and drag forces were much larger than anticipated. They were so large
that after the team talked to their advisor, the advisor urged them to remove the flow from the tank.
She said that building a tank that could produce that much flow over a large area in a tank would be
a project in itself. This is when the team talked to the sponsor to remove the flow requirement in
the test tank. With the flow requirement removed, the team scaled the model by geometry alone
and found a force scalar that could be applied to all the forces in the model.
Component Selection
Using the analysis discussed above, a geometrically similar model was found using the ratio of the
real systems pipe outer diameter to the models pipe outer diameter. A model pipe outer diameter
was selected using tank size constraints. To increase accuracy, a larger model was preferred and at
least three pipe sections (with an actual section size of 10 feet) need to be tested in the model.
However, the actual system cannot exceed about 6 feet due to the sizes available to place a tank.
Table 10 shows geometry inputs from the full-scale system to the model system. The model
geometry represents minimum tank size; actual tank size is larger and allows for larger part
tolerances and easier manufacturing.
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Table 10: Geometry relationship between full-scale
and model system. Note tank dimensions below are
minimum and do not reflect exact tank geometry.

Tank Geometry

Pipe

Geometry

Pipe

Input: Real Size
OD [in]
Mass [lb/ft]
Sections [-]
Section length [ft]
Depth [ft]
Δ Sea Level [ft]
Δ Bay Floor [ft]
Pipe Sections [ft]
Output: Model Size
OD [in]
ID [in]
Mass [lb/ft]
Section Length [ft]
Total [ft]
Length [ft]
Width [ft]
Height Max [ft]
Height Min [ft]
Pipe System Width [ft]

4.5
3.4
4.0
3.0
20.0
5.0
2.0
6.5
0.675
0.407
0.138
0.75
3.00
5.00
1.95
3.00
2.25
1.20

The parts listed in Table 11 are carry loads and were selected using common load analysis. All the
analysis assumes maximum pipe weight condition, with the pipes full of water. A description of the
analysis is show below, with complete calculations in Appendix C.
•

•

•

The Unistrut used to support the pipe was chosen based on pipe size, and was checked with
the later calculated weight from the anchor to ensure it did not exceed its maximum
moment. Likewise, the pipe clamps do not exceed the load limit, as they are used as a
connection point instead of to bear a load.
The minimum spherical buoy size was determined using the maximum pipe weight, support
weight, and estimated (later corrected) wire rope weight. Since bubbles decrease the
buoyancy, a factor of safety of at least 2.0 was needed. After finding a minimum radius of
about 3 inches, a buoy with a radius of 4 inches was chosen. While selection of small buoys
was minimal, the chosen buoy has an acceptable a factor of safety of 3.3 and is marine
grade.
The anchor size was selected using the maximum buoyancy of the buoy, so if the sea level
were to rise well above its predicted maximum (in the event of a storm), the buoy would not
take the anchor off the sea floor. The minimum volume of concrete was then multiplied by a
factor of 1.5 to determine the final anchor volume.
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•

The wire rope size was determined last to account for anchor weight. The mass of the entire
system was summed, including the expected mass of the wire rope, and the maximum force
was found at the buoy. A 1/16” wire rope has a factor of safety of 30, and was chosen. All
other calculations were adjusted to account to the wire rope size, though its effect on the
system mass is relatively small.
Table 11: Loaded component factor of safety summary. See calculations in appendices.

Bubble Pipe Loaded Material Summary
Component
Material
Load Limit [lb] Factor of Safety
1-1/4"X 3/4"X1.2’ Unistrut
Stainless Steel
950 [in-lbs.]
42.0
3/8" Unistrut Pipe Clamp
Stainless Steel
400
116.0
1/16" Wire Rope
Stainless Steel
96
30.5
8" Buoy
PVC
4.56
3.3
Concrete Anchor
Concrete
3.45
1.5
Testing and Judgement
This design was judged by the design team per the engineering specifications listed in Table 2.
Testing took place after building the model. Specifics on the testing can be found in the Design
Verification Plan in Appendix H, and a detailed test plan can be found in Section 6.2.

Performance Prediction

Bubble Pipe Motion Performance
As discussed in Section 5.1.2, the self-leveling system pipe becomes less effective as the maximum
sea level increases. This is because the anchor chain is dependent on the tide, and the tide does not
vary with depth. According to Figure 24, for the bubbles to always cover at least 80% of the water
depth, the maximum sea level must be at least 50 feet. However, the tide rarely is above 6 feet,
improving effectiveness. Since the 70% minimum is not absolute, using the average coverage is
acceptable for determining minimum effective sea level. The actual effectiveness should be slightly
higher. If the anchor sinks, this also increases the effectiveness, since the pipes are held lower
relative to the sea floor. Using the average bubble coverage, the recommended acceptable minimum
height is 22 feet.
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Figure 26: Bubble coverage at different depths. Since salp-stopping ability is
dependent upon bubble coverage, this pipe system past a certain depth will not be
effective.
The model height is defined by the tank height. The maximum water level inside the tank is 3 feet,
representing the minimum acceptable height of 22 feet. Predicted motion performance is
represented in Figure 25. The model will be tested using the equivalent minimum acceptable water
height of 3.0 feet, but results can be extrapolated for larger depths.

Model Motion

25

3.0

20

2.5

15

2.0
1.5

10

1.0

5

0.5
0.0

Actual Size [Ft]

Vertical Height [Ft]

3.5

0.0

0.5

1.0

1.5

0

Position Relative to Anchor [Ft]

Figure 27: Predicted model motion with actual size
comparison on the secondary axis. The buoy is
represented by the red dot and the pipe is
represented by the black circle.
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4.4. Feasibility Concerns and Resolutions
Engineering Specification #1
Engineering Specification 1 initially stated the pipe must not move laterally with a tolerance of ±3
feet. The chosen design allowed the pipes to move freely with a radius of 10 feet. This violated the
original specification. However, this movement alone was not detrimental to system functionality,
and there was not a specific reason the pipe should not move more than three feet, assuming it was
not floating away. Since Specification 7 ensures the ground anchor cannot move, Specification 1 was
modified to specifically limit deflection instead of loosely limit lateral movement. Specification 1
now states the deflection of the pipe over a 20-foot span should not exceed a lateral deflection of 5
feet.

Pump Concerns

From the beginning of this project, it was assumed the pipe system would be placed in a tank with
moving water to simulate current. However, due to tank size, necessary flow rate, minimal overall
effect of the current, and concerns from our faculty adviser on design complexity, we decided not to
incorporate a pump, or flow, into the tank design.
•

•

•

Similitude and tank flow: from Buckingham Pi analysis, as seen in Appendix C, flow rate and
pipe diameter are inversely related. For a reasonably sized pipe diameter (based on tank
geometry), the flowrate would be about 6 ft./s. This would require a large pump and very
large tank.
Minimal current effect: While the current produces a drag force on the pipe, buoy, chain, and
anchor, the effect is relatively small compared with the friction force along the concrete
anchor.
Advisor recommendation: Our adviser is concerned that the entire test tank is a design
problem in itself, and will result in us not being able to complete our project.

Not including a pump in the design allowed for more time to test for critical design aspects, such as
the self-leveling function under various tide conditions. In addition, the drag force of the current
could have been approximated using a finite number of point loads, as discussed in the Section 6.2.

Potential Issues

Soon after getting the preliminary design approved by the project’s sponsor, a failure mode effects
analysis (FMEA) was performed to flesh out potential ways this design could fail. The analysis was
done for three main functions: Pipe Self-leveling, acts as an anchor, and the Test Tank Holding
Water. Potential failure modes were thought of for each of these functions and the potential effects
and causes of these failure modes were evaluated. Severity, occurrence, and detection ratings were
given to each potential failure and these ratings were multiplied together to create a risk priority
number. The risk priority number made it apparent which issues were the most deleterious in the
existing design. A list was created that revealed how the design attempted to prevent or alleviate
these errors. The FMEA illuminated the biggest problems with the existing design. More thought
was put into ways to prevent these problems and how the existing design could be tweaked. A full
chart of the FMEA can be found in the attachments as Appendix G.
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4.5. Supporting Data
Cost
The total cost for all the parts needed came out to be around $510. After talking to our sponsor, the
cost increased significantly because he wanted us to use a set of trolling motors to create a current
in the test tank. The most expensive items on the list include the Unistrut assembly, the air pump,
utility totes, and trolling motors. We initially planned on simulating the sand floor by placing the
sand into utility totes, but the friction of the tank bottom proved acceptable for the tests. A full bill
of materials can be found in Appendix J.

Budget

For this project, the sponsor never gave a budget. After several conversations with him, it was
explained that if anything could prevent the power plant from shutting down it would not matter
how much money it would take. When asked for a quantitative number, the sponsor said, no more
than $20,000. This seemed like a reasonable budget until it was decided that the test tank would
not have flow. Without the need to purchase several pumps the overall cost the project decreased
significantly. Then when the team’s advisor informed us that they would be able to use a pre-made
tank on campus instead of building their own, the cost came down even lower. The estimated total
cost of the project was around $1500 without shipping. The costs of the project are well within the
budget.

5. Project Realization

5.1. Manufacturing Process
After we had received some of the materials, we immediately began
manufacturing. The first thing we did was cut the PVC pipes to the
required length that would make the model geometrically like the
system in Diablo Canyon. The pipes were measured using a standard
tape measure and they were cut using a chop saw. While the pipes
were being cut, the rest of the team cut the unistruts to length. The
unistruts were measured the same way as the PVC pipes were;
however, to cut the stainless steel a Miter saw was needed. The
picture to the right depicts Christian cutting the unistruts while
wearing a face mask. After the unistruts were cut, the cut ends were
shaved down using belt sanders to eliminate sharp edges on the
unistruts.

Figure 29: Donavan and Dakota
drilling holes in a clear PVC pipe
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Figure 28: Christian using a
Miter saw to cut the
Unistrut beams
One of the pipes needed holes drilled into it so that the bubble
curtain could emit bubbles. To do this we went to the Cal Poly
hangar and used one of their drill presses. The pipe was held in a
V-clamp and vice. To prevent the drill from drilling through the
entire pipe, a guard was set at a certain depth halfway through
the pipes diameter. The long arduous process of drilling 50+
holes took half an hour but the results were perfect.

Before, the cables were attached to the Unistrut the pipes were
clamped to the Unistruts using the Unistrut pipe clamps we
order. Care was taken to make sure they were spaced per the
final design. The stainless-steel cable was cut using wire
cutters that were borrowed from the Cal Poly machine shop.
Once the cables were cut, they were crimped to the unistruts
using the sleeves and crimping tools that we ordered.

Figure 31: Donavan
pouring the concrete

The last bit of manufacturing that
Figure 30: Christian and Dakota
was required included pouring the
crimping the stainless-steel wires
concrete to make the anchors in the
to the Unistruts
model. Half of a five-pound bag of
Quickrete was poured into a plastic bucket lined with newspaper. While
pouring the Quickrete, a mask and safety glasses were worn to prevent
breathing in the dust particles and splashing into eyes. Water was added
to the mix until all the dry concrete was gone. Once thoroughly mixed, an
eye-bolt was submerged in the mix. The buckets were set aside to cure
overnight and the concrete slabs were pulled out of the buckets a day
later.

All that was left was assembling the leftover parts. Carabiners were used to connect the cables to
both the anchors and the buoys. A hose was attached to the air compressor and to a plastic
connector that was attached to the PVC pipe with holes. End caps were sealed to the PVC pipe using
caulk, PVC plugs, and duct tape.

5.2. Prototype Alterations from Planned Design

There were a few complications in our original design that we decided to alter while manufacturing
and assembling it. It turns out that the wire rope we ordered was much thicker and harder to work
with than we imagined. We were able to crimp the wires, but they were impossible to adjust once
they were set. Instead of trying to get the precise enough measurements of the wire length between
the buoy and the pipes, we instead used a synthetic rope about the same diameter as the wire. This
was much easier to adjust for the proper height. Another change from the design drawing was
having the bubbling pipe be on the end instead of in the middle. Also, for some reason the pipe end
caps were designed to be connected using PVC connector bits instead of just attaching straight onto
the pipe. To attach them, we sealed them using caulk and wrapped them in duct tape, just so we did
not have to wait for another order. It let a little water in the sealed pipes, but there is some water in
the pipes of the full-scale system as well.

5.3. Recommendations for Future Manufacturing

While our project scope included only a model version of a bubble-curtain anchoring concept, it
was designed in a full-scale context. These recommendations are made from our own experience
through building the model, and from what is expected with the full-scale design. The model
concept uses the existing bubble pipe structure so the below manufacturing recommendations
assume the existing structure will continue to be used.
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Keep Pipe-Buoy Chain or Wires Adjustable
As is further discussed in the results section, the pipe does not bubble well. Assuming the same
behavior in the large-scale system, the pipe will perform best if it slopes upward. Since ground
topography is unpredictable, keeping the buoy-pipe attachment chain long and adjustable will
allow for changes in length each time the system is deployed.

Keep the Pipe-Buoy Chain Long

The longer the chain is, the less of an effect the tide will be, but if this distance is too long, the pipe
system will rest on the ocean floor during low tide. The bubble pipe is not designed to repeatedly
hit the ocean floor, and will not be level if the floor is not level.

Keep the Anchor-Pipe Connection Long

The function of this connection is too keep the pipe from floating into the intake or out into the bay.
This should be at least as long as the maximum tide difference plus the possible floor shift. These
should be kept a similar length to the adjacent connections to prevent current from loading a single
anchor point.

Ocean Floor Topography

Prior to full scale design, the ocean floor topography should be studied. While the floor elevation
changes, general shape across the bay will be important design information. In the case of a concave
or flat slope, the pipe system could be kept at a constant upward slope while covering most of the
bay. If the bay is more convex, the slope cannot be constant. Since the pipe will be allowed some
freedom to move forward and backward, we recommend knowing the topography of all parts of the
bay floor the pipe could reasonably be located.

6. Design Verification
6.1. Pipe Angle

Test Description and Purpose
We took our model and removed the two buoys that were opposite where the bubbles are flowing into
the pipe. Then we attached an adjustable cable to the carabiner suspending the Unistruts on the end. An
underwater camera was used to read the height of the end of the pipe and the Unistrut being held by
the buoy. This was done at several different end pipe heights to get a variety of test angles. At each of
these angles observations were made to see how the bubbles would flow out of the pipes. The
observations were split up into four sections along the pipe (starting at the end producing the air). This
test allowed for us to see which angles produced the most distributed bubble flow across the pipe.

Detailed Results
At each angle, a measurement of the height at the end of the pipe was taken and then the entire pipe
was swept across by an underwater camera to observe the bubbles coming out at each section. The
sections are labeled in Figure 32.
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Section 1

Bubbling Side

Section 2

Section 3

Section 4
End Cap

Figure 32: A picture of the model of the bubble curtain taken underwater. The lines perpendicular to
the pipes are there to segment each section of the pipe for observations. Each section is labeled with a
highlighted section number. The bubbling side refers to the end of the pipe connected to the air
compressor and the end cap refers to the side that is plugged by a PVC cap. The yellow arrows are used
to show the direction of air flow through the pipe. The two rods extending from the surface of the
water were used to orient the model for the picture.
At each section a rating of the bubble coverage was given. There were only three different types of
ratings: no bubbles, some bubbles, and several bubbles. A rating of “no bubbles” was given when
there were absolutely no bubbles being emitted from the pipe section. The rating of “several
bubbles” was given when it appeared that there was a torrent of air being shot out of the pipe
section. Lastly, the rating of “some bubbles” was given when it appeared that bubbles were coming
from the pipe but not a strong current or if the stream of bubbles only went halfway across the
pipe. Figure 34 and Figure 35 are examples of the “no bubbles” and “several bubbles” case
respectively. An example for the “some bubbles” case is not given because it was difficult to see the
bubbles in the photos but they were easily depicted in the videos from the other two cases.
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Figure 33: An example of the “no bubbles”
rating. The area above the pipe is clear with no
ripples in the water. This indicates that there are
no bubbles exiting the pipe at this location. The
yellow box depicts the area above the pipe that
was investigated to make the observations. The
picture was taken at section 4 on the pipe.

Figure 34: An example of the “several bubbles”
rating. The area above the pipe has ripples in the
water and is not clear. This indicates that there
are bubbles exiting the pipe at this location. The
yellow box depicts the area above the pipe that
was investigated to make the observations. The
picture was taken at section 4 on the pipe.

All the data values and observations for each trial can be found in a table in Appendix L.

Analysis

Since we were recording in different units then we were extrapolating, propagated uncertainty was
performed. We recorded the heights and lengths in inches. The uncertainty for the heights was ±
inches and the uncertainty for the length of the pipe was ±

1
32

1
4

inches. For the nominal value of the pipe

angle, basic trigonometric functions were used to obtain the angle in degrees. To find the uncertainty of
each angle, an uncertainty propagation method was used. An example calculation of the uncertainty can
be found in Appendix K. The trials with the best bubble coverage occurred between 2.8° and 9.3° from
the horizontal. Angles below 2.8° resulted in air not reaching all the way to Section 4. Most of the
bubbles were emitted in Section 1. Angles above 9.3° had a more even distribution of bubbles across the
pipe; however, bubbles still did not emit at the fourth section of the pipe and the bubbles at section 1
were not exiting as fast as they were in Sections 2 and 3. Slight upward sloping angles give the most
even distribution across the bubble curtain. These results could be used in the full-scale system if they
make the lengths of the chains connected to the buoys slightly smaller as they move farther away from
the air source.
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6.2. Floor Shift
Description and Purpose
The purpose of this test was to determine if a shift in sea floor level would cause the pipe to become
unlevel. In the real system, sand under anchors shifts, causing the anchors to sink. In this test,
blocks were placed under the anchors to simulate the anchors without blocks sinking. The pipe was
pushed away from the anchors and the height on either end was measured to determine the pipe
angle. The expected result was that the pipe angle would remain constant within measurement
uncertainty. An example of the test set-up can be seen in Figure 35.

Figure 365: Anchor 3 with a 3”
block below it, simulating the
sinking of the adjacent anchor
bl k
Beginning with a water level of 36” and uniform anchor elevations, an initial pile angle was found to be
1.39 degrees. Blocks were placed under some anchors and the water level was changed, with the
heights of pipe ends measured. The angle was calculated, and compared to the initial pipe angle with
uniform anchor elevation. Data from the floor shift test can be found in Table 12.
Table 12: The pipe level was measured at each end using different block heights and water levels to
simulate the shifting ocean floor and tides. Using the pipe ends, the angle was calculated.
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Analysis
To determine if the floor shift altered the pipe angle, uncertainty analysis was performed on the pipe
angle. The resulting uncertainty is within 1°. This is greater than the 0.2° difference between the pipe
angle measurements, leading to the conclusion the pipe angle is not affected by the shifting floor
elevation. To support this conclusion, Figure 36 shows a negligible correlation between the water level
and pipe angle.

Figure 386: A comparison of the pipe angle to the water height with blocks
shown in various tests. Pipe angle correlates poorly with water height and the
angle variation is due entirely to measurement uncertainty.

6.3. Water Height Bubble Coverage
Test Description
One of the main limitations of our design is the inability to account for the daily tide that changes
the height of the water. This height difference can span ten feet. In our tank, we raised the height of
the water in one inch increments and measured the corresponding height of the pipe. These are
compared with each other to determine the percent of bubble coverage. The design must be set for
the lowest tide, then as the tide rises, the bubble coverage decreases.

Detailed Results

Beginning with a water height of 30 in, the bubble coverage started out at 82.1%. This is measured
simply by measuring the areas of the water height and the pipe height. As the water was increased
inch by inch to 37 in, the bubble coverage dropped to 65.9%. In order to see how our model will do
full-scale, we extrapolated the data to include larger water heights. The data was analyzed at three
expected depths: 18 ft, 30 ft, and 43 ft. The results are shown in Table 13.
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Table 143: Data for the water height bubble test, extrapolating for the full scale model.
Water
Height
[in]

Pipe
Height
Bubbler
End [in]

30
31
32
33
34
35
36
37
40
46
52
58
64
70
76
82

4.25
5
6.25
7.25
8
9.25
10.25
11.75
4.25
5
6.25
7.25
8
9.25
10.25
11.75

Pipe
Height
Pipe
End [in]

Angle
AB
[Deg]

Bubble
Coverage
[%]

6.5
7
8.25
9.5
10.25
11
12
13.5
6.5
7
8.25
9.5
10.25
11
12
13.5

2.08
1.85
1.85
2.08
2.08
1.62
1.62
1.62
1.85
1.82
1.82
1.81
1.78
1.74
1.76
1.77

82.1%
80.6%
77.3%
74.6%
73.2%
71.1%
69.1%
65.9%
86.6%
76.1%
66.8%
59.7%
85.7%
78.4%
72.2%
66.3%

Large scale
Equivalent
Water
Height [ft]
16.7
17.2
17.8
18.3
18.9
19.4
20.0
20.6
22.2
25.6
28.9
32.2
35.6
38.9
42.2
45.6

Notes
The test tank size allowed
for a shallow-depth test.
This would be the design
and resulting bubble
coverage for the shallowest
part of the bay, which
would receive the
minimum bubble coverage.
Max water depth of 18'.
Extrapolated data using
expected bubble coverage
for a max depth of 30'
Extrapolated data using
expected bubble coverage
for a max depth of 43'

Analysis
The larger the initial height of the water, the less of an impact the tides will be. This is due to the
fact that the relative area is much larger while the height change is the same. Notice in the table that
the water height continues past each section’s maximum. This accounts for the lowest values of
percent bubble coverage. Even within the range of water depth the bubble coverage drops below
the design requirement of 80%, thus failing the test; however, that particular engineering
specification was arbitrary, and it is close to passing.

6.4. Turbulence

Test Description
In order to see how our design would stand against turbulence, waves needed to be generated in
the tank. To do this, a plastic board was placed in the tank and rocked back and forth, creating
oscillations of waves. We had the foresight to reduce the water level first to avoid splashing over
the edge. This test was more of a qualitative test, seeing if bubbles still formed a barrier to block the
salp. We also tried to force the model to flip over. This was a concern if the current was strong
enough.

Detailed Results

As the waves rocked the bubble curtain, the bubbles came in waves as well. This corresponded
directly with the angle of the pipe at every moment in the wave. As the waves passed, however,
every portion of the bubble curtain was covered. There was no constant break in the bubbles,
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meaning the slow moving salp would not be able to slip past the bubble curtain. Our attempt to flip
the model failed. Each unistrut was too heavy to create the torque needed to completely turn it
over. This shows that even with a strong current, our design will not flip and fail.

6.5. Corrosion

Test Description w/photos
Rust indicates corrosion of important bubble system components. While the model system was not
designed for corrosion resistance, the real scale system must be to reduce possibility of failure. Each
time the model was used, it was inspected for corrosion. The inspection of the pipe system and anchors
can be seen in Table 14. The concrete anchors with carabiners were left in the tank for the duration of
the testing period, while the pipe system was taken out after each test, dried, and stored in a dry
location.
Table 154: Record of anchor and pipe inspection throughout testing. Note
anchors were usually left in the water while pipe was taken out and dried after
each use.

Detailed Results
As seen in the table above, corrosion is a potential issue. By inspection, non-corrosion resistant
carabiners showed signs of corrosion almost immediately. An example of the visible corrosion can be
seen in Figure 37. This is not meant to be an indicator of exactly what will happen in a system
implemented in the ocean, since different materials were used and ocean conditions are more corrosive

Figure 37: Corrosion found on the
carabiner and concrete anchor during
inspection.
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than test conditions. The large-scale system requires corrosion resistance. From observations during
project testing, we have determined it is important to use marine-grade materials in the large-scale
system.

6.6. Specification Verification Checklist
A summary of the test results can be found in Table 15 below. Note the flow resistance was not
tested and is discussed further in the next sub-section.

Table 175: Specification verification summary. Additional test information can be found in the
previous sections.

ME428 DVP&R
Sponsor

Report Date: 05/30/2017
Component/Assembly

Bubble Curtain with Anchors

Anderson Lin
REPORTING ENGINEER: DCS, DL, CY

TEST REPORT
Item
No

Specification or
Clause Reference

Quantity
Pass

Test Result

Quantity
Fail

NOTES

2

Floor Shift

3

Bubble Area
Coverage of Water
Column Above the
Bubble Curtain

The pipe bubbles when the
compressor connection is below
the end of the pipe. It preforms
best at a slightly positive slope.
Floor shift did not change pipe
angle. Tests were not done at
max tide limit, as the
geometrically similar conditions
would not account for real
variables at that limit.
Pipe behaved as expected. As
the water level decreases, the
bubble coverage decreased. The
Bubble coverage will be higher
in deeper water.

3

Turbulence

Turbulence caused audible
oscillations in pipe, but did not
cause component failure or
stoppage of bubbles.
Carabiners used on anchors
rusted during the duration of
the test.

All metal components but
anchor carabiners (all three)
did not visibly rust

Observational test
only

Did Not Test

NA

No trolling motors

1

4

5
6

Pipe Angle (from
horizontal)

Corrosion Resistance
Time
Able to Resist
Flowrate

20

7

6

0

11

5

0

NA

100% pass for
upward sloping pipe.
The full-scale design
should not allow the
system to reach the
maximum tide limit.
Failure primarily is to
do with test
geometry.
Test turbulence
conditions are not
dynamically similar to
ocean conditions.

6.7. Incomplete Tests
The trolling motors ordered on the original B.O.M. were mistakenly sent to Cal Poly, but at an
address not connected to our team. They were then sent back to the manufacturers in Nebraska.
This was an unfortunate learning experience for our team. While the flowrate resistance was not
tested, we created a turbulence test, discussed in the design verification section. This tested half of
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what the trolling motors were supposed to test. Based on drag calculation, we believe the pipe
system will function with the expected flowrate, though we were not able to prove or disprove so
using the model system.

7. Conclusion

7.1. Recommendations
Now that this experience is almost over we have a few recommendations that we would like to
throw out. We truly believe that this buoy self-leveling system concept could be implemented on a
large-scale in Diablo Canyon. Based on the positive results from the model system, we can say with
confidence that the overall concept works.

Design Geometry

As the model was geometrically similar to a large-scale system, we gained significant insight into
model geometry. From the pipe angle test, we think the system could benefit from constantly
upward sloping pipes. If the pipes do not at any point slope downward, there will be a constant jet
of air distributed across the length of the pipe. To do this, all the wires and cable lengths need to be
precise. Pipe angle, buoy-pipe attachment length, and pipe-anchor attachment length must be
considered for a full-scale design.

Designing the buoy-pipe attachments to maintain a 2-3% slope across the bay can be done to keep
the pipe angle at a positive upward slope. Ocean floor topography and maximizing the buoy-pipe
attachment length may present a challenge in maintaining a constant slope. From the model,
bubbles exited the pipe evenly with a slope between 0-10°. While the large scale system will not
have identical behavior, these findings are consistent with information provided from DCPP.

The buoy-pipe attachment will be most effective when it is longer, since the bubble curtain will
cover the water column more completely. It is constrained by the low tide depth and pipe-angle
considerations. To prevent the pipe system from resting on the ground (and presenting the same
problems as the current system), the attachment should be slightly shorter than the low tide depth.
Across the bay, this attachment will also define the pipe angle. As stated previously, the buoy-pipe
attachment should be longer at the beginning of the curtain and shorter at the end to maintain a
slight upward slope across the bay.

The pipe-anchor attachment functions to prevent the bubble pipe from floating away. Its minimum
length must equal the maximum tide difference plus possible ground floor changes. Its length is
limited only by allowable location; if it can float 50 ft laterally, then this length could be 50 ft
(although this seems excessive). We estimate a length of 15-20 ft. To prevent uneven loading, we
recommend making adjacent anchor attachments similar lengths.

Design Components

Assuming the pipe remain same, three major components must be added or altered: buoys,
chain/wire attachments, and a counterweight. This concept requires the pipes to sink rather than
float. We recommend using ballast or similar materials distributed evenly along the bubble curtain
as a counterweight. A buoy-pipe and pipe-anchor attachment (discussed in Design Geometry) must
be added as well. They must be rated to the account for the maximum system weight in turbulent
water. To keep the pipes level, buoys must be used. These buoys should be selected to withstand
the force of the pipes full of water, plus ballast and all other components, under turbulent ocean
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conditions. The buoy size will depend on the total system weight, the number of pipes supported by
the buoy, and the frequency of the spacing.

Material

To prevent corrosion, we recommend the use of marine-grade material such as stainless steel 316.
The system should be periodically inspected for corrosion and repaired prior to deployment. Upon
removal, the system should be dried and stored in a dry location.

Further Testing

Our concept worked well in our physical model. However, the full scale system presents many
additional variables, such as unpredictable turbulence, current, and ocean floor topography. Prior
to implementing a complete full scale version of this concept, we recommend further testing for full
scale viability with a 15-25 ft section of the intake bay. Salp do not have to be present for testing.
General ocean floor topography should be studied before designing a full scale system.

Recommendation Summary










Study general ocean floor topography
Keep pipes at a slight upward slope across the bay
Keep buoy-pipe attachment as long as allowable by the low tide height
Keep pipe-anchor attachment a minimum of the tide change
Use a counterweight such as ballast to counteract pipe buoyancy
Design buoys for non-buoyant pipes
Test further before full scale system is implemented
Use marine-grade material and inspect for corrosion

7.2. Lessons Learned

There are a variety of lessons that must be learned in the Engineering profession. Most of these
lessons are learned through hands on experiences. Senior project has provided a multitude of
experiences and lessons that will help cultivate us as engineers and lead us towards successful
career paths.

One thing that we learned was how important prototyping is to have a successful idea/design. We
spent so much time coming up with ridiculous ideas on how to solve the problem, but when we
were not sure if the idea would work, we would prototype it. The prototyping was not much, but
just to have something physical that you can manipulate using your hand provides more insight
than staring at equations.

Another lesson we learned was how difficult it is to model something in similitude. We went into
this project not very concerned about how we were going to scale the system in Diablo Canyon.
After we did the calculations we found out that scaling down a parameter for one part will almost
triple another parameter. In the end, we were forced to stick to geometric similitude and force
scaling, but we were not able to achieve dynamic similitude due to size and equipment constraints.

Now as this senior project is coming to an end, it is astounding to look back and see how much work
was put into this. Some of the logbooks of our team members clock over 200 hours of work on this
project. It took three undergraduate students nine months to come up with the idea for the
problem, build the model, and analyze the results. Engineering projects require a lot of time and
collaboration to produce useful results.
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Appendices:
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Appendix C : Final and Preliminary Calculations
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Appendix E : Gantt Chart
Appendix F : Pugh Matrices
Appendix G : Failure Mode and Effects Analysis
Appendix H : Operators Manual
Appendix I : Layout Drawings
Appendix J : Bill of Materials
Appendix K : Pipe Angle Uncertainty Analysis Example
Appendix L : Pipe Angle Test Data
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APPENDIX A

APPENDIX B: QFD HOUSE OF QUAILITY

Larger is Better
Nominal is Best
Smaller is Better

X 3
3
5
5

5
5
5
5

5
5
5
5

1
3
5
5

10% 134

% Importance

5
4
4
5

12% 154

Weighted Importance

5
4
4
5

13% 167

Targets

2
1
2
5

21% 271

Relationship Strength

5
5
4
4
3
5
5

± 3 Feet
± 20°
Min. %80
30 days
Max 300 lbs
Zero
Ocean + Intake Flowrates

Strong - 9
Medium-3
Weak - 1

Customer
Ratings

Specifications (Hows)
A B C D E F G H I J K L M N O

14% 187

Customer Requirements (Whats)
Functional as an anchor
Self-Leveling
Effectively deters salp
Can withstand salt water
Able to be uninstalled
Non-toxic
Does not fall apart in expected conditions

17% 215
13% 166

Customer Description

Customer Description:
1 = DIablo Canyon Power Plant
2 = Advising Team
3 = Installers/Matintainance Team
4 = Coastal Commision

Importance
Position
Pipe Angle
Bubble Coverage
Corrosion Resistance Time
Part Weight
Material Toxicity
Flowrate Durability

- Positive Correlation
- Negative Correlation

5
1
3
4
3
5
5

5
1
3
4
2
5
4

X
2
1
3
4
2
5
1

Team Bubbles Vision Product
DCPP Current Product
Cinderblocks
X Ringhals

Appendix C:
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Final Design Analysis: Model Size
 Similitude Analysis
 Buoy Selection
 Cable Selection
 Compressor Selection

Preliminary Analysis: Actual Size
 Deflection Analysis
 Drag Analysis
 Buoyancy Analysis

Appendix D: DCPP's Original Bubble Pipe Calculations

NMOD 60055330 Rev.0
Attachment 1
Page 1 of 3

Buoyancy Calculation
Description: The buoyancy force exerted on the submerged piping is equal to the weight of the water displaced by the volume of the piping.
The anchorage needs to offset that buoyancy force on the piping, in addition to its own buoyancy.
Inputs
Outputs
Piping ‐ 20' Length of 4" HDPE SDR‐11
3
Type of Pipe
HDPE
Water Density
63.96 lb/ft
O.D. of Pipe
I.D. of Pipe
Weight of Piping
Length of Pipe Section

4.5
3.633
2.31
20

Weight of SS Victaulic Coupling
Weight of Polycam Fittings

4 lb
10 lb
3
490 lb/ft
1.025

Density of Stainless Steel
SG of fluid
Anchor
Material

Volume of Water Displaced by Pipe
Weight of Water displaced (Buoyancy Force)

in
in
lb/ft
ft

Weight of HDPE Piping

46.2 lb

Net Weight of Victaulic Coupling
Net Weight of Polycam
Total Weight of Piping/Coupling/Polycam

3.5 lb
8.5 lb
58.2 lb

Req'd Support Wt. Per Pipe (Wt. Water‐Wt. Pipe)
Req'd Support Wt. for 2 pipes
Required Weight with Safety Factor of 1.2

3
150 lb/ft
150 lb

3
1 ft
150 lb

Volume of Anchor
Weight of Anchor
Weight of Water Displaced by concrete
Net Anchorage Force of each Curb
Total Anchorage Force for 3 Concrete Curbs

144.8 lb

58.2 lb
58.2 lb

144.8 lb

64.0 lb

150 lb

64.0 lb

150 lb

64.0 lb

Summary
Weight of (2) 20' Lengths of Piping
Buoyancy of (2) 20' Lengths of Piping
Net weight required for pipe anchorage (for (2) 20' lengths)
Net anchorage requirement with safety factor of 1.2

Number of concrete curbs
Total anchorage weight of 3 curbs

86.7 lb
173.3 lb
208.0 lb

Concrete Curb

Specific Weight
Anchor weight

Weight of (1) 6' concrete curb
Buoyancy of (1) 6' concrete curb
Net anchorage weight of (1) curb

3
2.21 ft
144.8 lb

‐116.3 lb
289.6 lb
173.3 lb
208.0 lb

150.0 lb
‐63.96 lb
86.0 lb
3

258.12 lb

Total anchorage
weight of curbs
must exceed the
net anchorage
requirement.

150 lb

64.0 lb
86.0 lb
258.1 lb

NMOD 60055330 Rev.0
Attachment 1
Page 2 of 3
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Attachment 1
Page 3 of 3

Appendix E: Gantt Chart
ID

Task Name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Duration

Start
Nov

PDR Report
Gantt Chart
DCPP Feedback
Improve introduction
Updated and Polished Design
Requirements and Specifications
Enhance Discussion and Background
Concept Modeling
Concept Selection
Final Decision Matrix
Discuss How Concept Satisfies
Specifications
Complete Concept Description
Quantitative work justifying concept
Layout Drawings
Safety Hazard Identification Checklist
Plans for Constructing and Testing
Complete PDR
Presentation
CDR
Supporting Analysis
Test Buoyancy with bubbles
Determine Buoy Size

Project: Team Bubbles MP
Date: Thu 6/1/17

11 days
1 day
3 days
3 days
3 days

Thu 11/3/16
Thu 11/3/16
Thu 11/3/16
Tue 11/8/16
Tue 11/8/16

3 days
3 days
2 days
5 days
1 day

Tue 11/8/16
Thu 11/3/16
Tue 11/8/16
Tue 11/8/16
Thu 11/10/16

3 days
3 days
3 days
2 days
2 days
3 days
3 days
53 days
18 days
5 days
2 days

Thu 11/10/16
Thu 11/10/16
Tue 11/15/16
Tue 11/15/16
Tue 11/15/16
Tue 11/15/16
Tue 11/15/16
Fri 11/18/16
Fri 11/18/16
Fri 11/18/16
Fri 11/18/16

Dec

2017
Qtr 1, 2017
Jan

Feb

Mar

Task

Inactive Summary

External Tasks

Split

Manual Task

External Milestone

Milestone

Duration-only

Deadline

Summary

Manual Summary Rollup

Progress

Project Summary

Manual Summary

Manual Progress

Inactive Task

Start-only

Inactive Milestone

Finish-only

Page 1

Qtr 2, 2017
Apr

May

Jun

ID

Task Name

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Duration

Start
Nov

Determine Cable Size
Determine Chain Size
Design Attachment Points
Functional Design Description
Decide on Tank Function
Similitude Analysis
Choose Pump Size
Determine Tank Size
Determine Tank Materials
Complete Tank Design
Top Level Drawing
Layout Drawings
Material Selection
Bill of Materials
Detailed Cost Analysis
Fabrication and Assembly Instructions
Maintenance and Repair
Considerations
Management Plan With Gantt Chart
Critical Design Safety Hazard
Identification Chart
Detailed Safety Discussion
CDR Report

Project: Team Bubbles MP
Date: Thu 6/1/17

2 days
2 days
2 days
7 days
1 day
10 days
5 days
2 days
2 days
10 days
7 days
5 days
5 days
5 days
5 days
5 days
6 days

Tue 11/22/16
Tue 11/22/16
Thu 11/24/16
Wed 12/14/16
Fri 11/18/16
Fri 11/18/16
Fri 12/2/16
Fri 12/2/16
Tue 12/6/16
Thu 12/8/16
Fri 1/13/17
Fri 1/13/17
Fri 1/13/17
Fri 1/20/17
Fri 1/27/17
Fri 1/20/17
Fri 1/27/17

10 days
5 days

Fri 1/13/17
Fri 1/13/17

5 days
4 days

Fri 1/20/17
Mon 2/6/17

Dec

2017
Qtr 1, 2017
Jan

Feb

Mar

Task

Inactive Summary

External Tasks

Split

Manual Task

External Milestone

Milestone

Duration-only

Deadline

Summary

Manual Summary Rollup

Progress

Project Summary

Manual Summary

Manual Progress

Inactive Task

Start-only

Inactive Milestone

Finish-only
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Qtr 2, 2017
Apr

May

Jun

ID

Task Name

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

Duration

Start
Nov

CDR Presentation
Sponser CDR Review
Parts Ordered
Project Update report
Budget Alterations
Operator's Manual
Write Project Update
Project Update
Manufacturing and Test Review
Presentation
Fluids Lab Permission
Write Manufacturing/Test Plan
Send Manufacturing/Test Plan to
Westphal
Send Manufacturing/Test Plan to Jim
Gerhart
All Parts Received By
FDR
Build Project
Pour Concrete
Drill Holes into PVC Pipes
Combine/Seal PVC Pipes
Combine Pieces in Tank

Project: Team Bubbles MP
Date: Thu 6/1/17

1 day
10 days
7 days
19 days
4 days
5 days
7 days
1 day
1 day

Tue 2/7/17
Wed 2/8/17
Wed 2/22/17
Wed 2/22/17
Wed 2/22/17
Tue 2/28/17
Tue 3/7/17
Thu 3/16/17
Thu 3/16/17

20 days
8 days
3 days

Fri 3/3/17
Fri 3/3/17
Wed 3/15/17

9 days

Mon 4/3/17

0 days
45 days
23 days
15 days
8 days
4 days
3 days

Mon 4/3/17
Mon 4/3/17
Mon 4/3/17
Mon 4/3/17
Mon 4/3/17
Thu 4/13/17
Mon 4/24/17

Dec

2017
Qtr 1, 2017
Jan

Feb

2/7

Mar

3/16
3/16

4/3

Task

Inactive Summary

External Tasks

Split

Manual Task

External Milestone

Milestone

Duration-only

Deadline

Summary

Manual Summary Rollup

Progress

Project Summary

Manual Summary

Manual Progress

Inactive Task

Start-only

Inactive Milestone

Finish-only
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Qtr 2, 2017
Apr

May

Jun

ID

Task Name

63
64
65
66
67
68
69
70
71
72
73

Duration

Start
Nov

Final Approval From Gerhart
Fill Tank with Water
Project Safety and Hardware DEMO
Test Project
Test Buoyancy with bubbles
Test Angles for Bubbles
Test Shifting Floor
Test Turbulence
Conclusions
Complete Final Design Report
FDR Project Expo

Project: Team Bubbles MP
Date: Thu 6/1/17

4 days
2 days
1 day
11 days
2 days
5 days
2 days
2 days
4 days
5 days
1 day

Dec

2017
Qtr 1, 2017
Jan

Feb

Mar

Thu 4/27/17
Mon 5/1/17
Thu 5/4/17
Fri 5/5/17
Fri 5/5/17
Tue 5/9/17
Tue 5/16/17
Thu 5/18/17
Mon 5/22/17
Fri 5/26/17
Fri 6/2/17

May

Jun

5/4

6/2

Task

Inactive Summary

External Tasks

Split

Manual Task

External Milestone

Milestone

Duration-only

Deadline

Summary

Manual Summary Rollup

Progress

Project Summary

Manual Summary

Manual Progress

Inactive Task

Start-only

Inactive Milestone

Finish-only
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APPENDIX F: Pugh and Decision Matrices

Figure 1: A Pugh matrix created from the top anchoring concepts and the customer requirements. The
concepts are arranged horizontally across the top while the customer requirements are vertically on
the side. Each concept is then rated for a customer requirement in comparison the existing product
(the datum): same (S), better (+), or worse (-). The totals of each rating are added, giving a better idea
whether the concept is worth pursuing.
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APPENDIX F: Pugh and Decision Matrices

Figure 2: A Pugh matrix created from the top leveling concepts and the customer requirements. The
concepts are arranged horizontally across the top while the customer requirements are vertically on
the side. Each concept is then rated for a customer requirement in comparison the existing product
(the datum): same (S), better (+), or worse (-). The totals of each rating are added, giving a better idea
whether the concept is worth pursuing.
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APPENDIX F: Pugh and Decision Matrices
Concept
Reconfigured

Chain on
Top

Buoys

2

3

4

5

6

7

8

A

S

S

S

S

-

S

-

B

S

+

+

+

S

S

S

C

S

S

S

S

S

S

S

Criteria

1

+
S

Adjustable Tensioned
Spikes
Pipes
Chain

Anchored
to Walls

D

D

S

S

S

-

-

S

S

E

A

S

S

S

-

S

-

-

F

T

S

S

S

S

S

S

S

G

U

S

S

S

-

S

S

S

H

M

+

S

-

-

S

S

S

I

S

S

-

-

S

-

-

J
Ʃ+
Ʃ-

-

S

S

S

-

S

-

0
0

1
1

1
0

1
2

1
5

0
3

0
2

0
3

ƩS

0

8

9

7

4

7

8

6

Better than datum
Worse than datum
Same as datum

Criteria Descriptions
A
Functional as an anchor
B
Self-leveling
C
Efficiently deters salp
D
Can withstand salt water
E
Able to be uninstalled

F
G
H
I
J

Non-toxic
Can withstand expected current conditions
Cost
Manufacture Time
Minimal Pipe Deflection

Figure 3: A Pugh matrix created from the top combined concepts and the customer requirements. The
concepts are arranged horizontally across the top while the customer requirements are vertically on
the side. Each concept is then rated for a customer requirement in comparison the existing product
(the datum): same (S), better (+), or worse (-). The totals of each rating are added, giving a better idea
whether the concept is worth pursuing.
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Decision Matrix
Criteria

Torpedo

Concepts

Pulley System
Adjustable Poles
Reconfigured
Current System
Buoy System
A
B
C
D
E

14% 24% 7%
A
B
C
10.0 4.0 7.0
1.4 1.0 0.5
8.0 5.0 7.0
1.1 1.2 0.5
7.0 4.0 7.0
1.0 1.0 0.5
8.0 0.0 7.0
1.1 0.0 0.5
8.0 8.0 7.0
1.1 1.9 0.5

Functional an anchor
Self-leveling
Efficiently deters salp
Can withstand salt water
Able to be uninstalled

5% 12% 2% 11%
D
E
F
G
9.0 3.0 8.0 4.0
0.5 0.4 0.1 0.4
3.0 6.0 10.0 4.0
0.2 0.7 0.2 0.4
2.0 3.0 10.0 1.0
0.1 0.4 0.2 0.1
8.0 8.0 10.0 5.0
0.4 0.9 0.2 0.5
6.0 6.0 10.0 4.0
0.3 0.7 0.2 0.4
F
G
H
I
J

4%
H
8.0
0.3
5.0
0.2
5.0
0.2
9.0
0.3
4.0
0.1

7% 14%
I
J
7.0 4.0
0.5 0.5
4.0 4.0
0.3 0.5
2.0 1.0
0.1 0.1
9.0 5.0
0.7 0.7
4.0 7.0
0.3 0.9

Total
Score
5.7
5.4
3.7
5.4
6.6

Normalized
Score
0.86
0.81
0.56
0.87
1.00

Non-toxic
Can withstand expected current conditions
Cost
Time to make
Minimal Pipe Deflection

Figure 4: The decision matrix allows for the comparison of different concepts against weighted criteria. All criteria
are rated out of 100% (totaling 100%). The score under each criteria is meaningless by itself, but the totals scores
on the right indicate how each concept meets each criteria, in a way that they can be compared. The normalized
score shows how each concept compares to each other easily. From this comparison, The buoy system,
reconfigured system, and torpedo concepts scored highest.
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Appendix G: Failure Mode and Effects Analysis

Page 1 of 1
FMEA Date: 5/1/17
Core Team : Bubbles

Buoy lifts concrete
curb

Pipe deflection exceeds acceptable range

Too much tension in chain (1 or 2) causes
system breaks

Broken Chains

Concrete Curbs/Chains Anchor System

Pipe Floats Away
Concrete Moves

Concrete Breaks

Action

1

42

Completed

1

21

Completed

1

25

Completed

Routine Maintenance

2

10

Ongoing

Routine Maintenance

2

10

Ongoing

Potential Cause of Failure

7

Buoy chain(1) length is too short

6

7

Too much drag on buoy

3

5

Pipe to concrete chain(2) is too short

5

5

Manufacturing defect in chain

1

5

Manufacturing defect in pipe-chain
attachment

1

5

Carabiners detach/break

1

Routine Maintenance

2

10

Ongoing

5

Buoy detaches

3

Routine Maintenance

2

30

Ongoing

8

Chain Corrodes

2

Choose Strong Connections and Materials

2

32

Completed

8

Animal Interaction

3

Routine Maintenance

2

48

Ongoing

8

Concrete Attachments Erode

1

Choose Strong Connections and Materials

5

40

Completed

8

Bad connections

1

Add Corrosion Resistant Coatings

6

48

Planned

5

Not Heavy Enough

1

Large safety factor used in design to prevent flotation

15

Completed

5

Chains Too Short

4

Large safety factor used in design to prevent too short of
chain

80

Completed

5

Strong Drag Force

2

Large safety factor used in design to prevent flotation

40

Completed

Concrete curb moves laterally

Pipe Self-levels

RPN*

Potential Effects of Failure

CY
Self Leveling Test Chart
5/4/2017

Detection

Potential
Failure Mode

Prepared By :
Product/Service Application :
Review Date :

Occurren

Function and Performance
Requirement

2
Buoy & Anchors
T.M.

Severity

FMEA NO.:
Machine Name :
Design Responsibility:

Current Design and Machinery Controls
Large safety factor used in design to prevent too short of
chain
Large safety factor used in design to prevent too short of
chain
Large safety factor used in design to prevent too short of
chain

3
4
4

5

Animal Interaction

3

Routine Maintenance

4

60

Ongoing

2

Corrosion of Concrete

3

Routine Maintenance

4

24

Ongoing

2

Poor curb placement

1

Adjust as needed

5

10

Ongoing

APPENDIX H

Buoy Supported Air Bubble Curtain
Operation and Installation Manual
Team Bubbles: May 30th, 2017

Introduction
This document is meant to supplement Diablo Canyon Power Plant's Air Bubble Curtain installation
procedures. The main difference between DCPP’s existing system and this is the presence of buoys.
Existing protocol should be followed with the below recommended additions for use of buoys.

Caution
The Cal Poly Senior Project team’s scope is limited to model design, as determined in the initial project
proposal. The below recommendations do discuss the implementations of the full-scale design, but are
only estimations of how we foresee the full-scale product to work. DCPP procedures and guidelines
should be strictly used. This operator’s manual must be modified after a complete full-scale design to
account for design alterations and additions.

Parts
The materials listed below are the main parts referred to in the installation section. The drawings should
be referred to during installation for a complete parts and assembly list.








HDPE Pipes
Stainless Steel Unistruts
Pipe Clamps
Pipe Connectors
Buoys
Concrete Anchors
Connecting Chains

Installation
Full-Scale
Step 1: Place concrete curbs at 10 foot increments along the bay floor, as per DCPP protocol for the
existing bubble curtain system.
Step 2: Using the existing bubble pipe system, attach buoys to drawing specs. On the first use of the
system, Unistruts must be added permanently to the previous system at 10 foot intervals (see
drawings). We highly recommend connecting buoys to the pipe system prior to placing the pipes in the
water. The pipes will not float, and be very difficult to connect to floating buoys after they are in the
water.

APPENDIX H
Step 3: Feed the pipe system into the water as constructing and attaching each new subsection, or as
done in current set-up protocol.
Step 4: Attach the pipe system to each anchor using chains of set length as determined on drawings.
Chains may be attached to anchors in the first step or separately attached to both the anchor and the
pipe system in this step. Attaching the anchor chains to the pipe system is not recommended, since
chains will drag along bay floor. They may get caught in kelp and/or damage kelp.
Step 5: Turn on air compressors. Make sure pipes are not floating, and are held up by buoys. Daily
operation should be identical to current protocol.

Model
Model installation will be done using a similar approach. Since all parts can be reached within the tank,
steps may be done in different orders if needed. Due to safety concerns, most assembly will be done
prior to filling test tank.

Deconstruction
Deconstruction should occur as soon as salp dissipates, per Costal Commission requirements.
Deconstruction should be accomplished as the existing DCPP protocol states, with changes only if
necessary. Buoys may be stored with or separately from the pipe system. We recommend all pipes and
equipment are dried prior to storage to prevent rust and microbial growth.

Safety Guidelines
All DCPP safety protocol should be strictly followed. If not covered by existing protocol, we recommend
the following:





The use of boats near the buoys is not recommended
Wear hard hats and any necessary safety equipment
Do not deploy the Bubble Curtain in rough ocean conditions
Use appropriate number of people to lift/carry pipe pieces
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Appendix J: Bill of Materials
Indented Bill of Material (BOM)

Air Bubble Curtain Anchoring Model
Assembly
Level

0
1
2
2
2
2
1
2
2
3
3
3
2
3
3
3
1
2
2
2
2
2
2
1
2
2
2
2
2
2

Description

Part Number

Lvl0
Lvl1
Final Assembly
Pipes
49035K82
4880K841
33085T79
3115T94

Lvl2

Lvl3

Vendor

Qty

Qty (Feet)

Cost

McMaster-Car
McMaster-Car
McMaster-Car
McMaster-Car

-----6
-----18

24
-----10
------

Amazon

4

------

$

Amazon
Home Depot
Amazon

2
6
2

McMaster-Car
McMaster-Car
Mcmaster-Car

Cost/Foot

Ttl Cost

Purchases

Lvl4

3/8'' Cleaer PVC Pipe
3/8" PVC Plugs
316 Stainless Steel Strut Channel
3/8'' Stainless Steel Strut Pipe Clamp

0.77
-----$ 10.82
------

$
$
$
$

18.48
4.92
108.20
63.36






8.07

------

$

32.28



----------------

$ 9.61
$ 1.14
$ 14.35

----------------

$
$
$

19.22
6.81
28.70





-----1
20

20
-----------

-----$ 195.43
$ 1.34

2.98
-----------

$
$
$

59.60
195.43
26.80





Amazon
Home Depot
Cabelas
Home Depot
Amazon
Amazon

1
2
5
1
2
5

-------------------------------

$
$
$
$
$
$

79.99
2.83
109.99
38.21
16.49
16.41

-------------------------------

$
$
$
$
$
$

79.99
5.66
549.95
38.21
32.98
82.05


X
X
X



Home Depot
Miners Ace Hardware
Home Depot
Home Depot
Home Depot
Miners Ace Hardware

1
1
9
1
1
1

-------------------------------

$
$
$
$
$
$

8.87
3.99
0.98
5.35
2.36
3.10

-------------------------------

$
$
$
$
$
$

8.87
3.99
8.82
5.35
2.36
3.10








-----0.82
-----$ 3.52
$

$

Anchors
3006.7318
20256
-----110110
3461T26
35155T16
3883T45
B01MTKBDK0
-----IK-021475
-----49036
EXP1270
-------------------------------

Buoy
Cement Block
Industrial Plastic Pail
Eye Bolts
10 LB Concrete Mix
Wires
3/16" Stainless Steel Rope
Compression Tool
Stainless Steel Sleeve
Tank/Test Setup
Air Pump, AC006 (3cfm)
Kiln-Dried Whitewood Stud
Transom-Mount Trolling Motor
Clamp Set (4-Piece)
Ettore Grip'n Grab Reach Tool, 32"
12 Volt Lead Acid Battery
Miscellaneous
Flexible Hose
Caulk Seal
Carabiners
Extra 3/8" PVC Pipe
Hose to PVC Pipe Connector
Extra Key For Lock

Key:
Purchased/Arrived
Purchased/Shipping
Not Purchased



X

$

Appendix K: Pipe Angle Uncertainty Analysis Example

Appendix L: Pipe Angle Test Data
Table 1: The data taken from the pipe angle tests that were performed using a model of the bubble curtain in Diablo Canyon. The table displays
the pipe angle extrapolated from the height of the end of the pipe. The other end was held at fixed constant by a buoy and the length of the pipe
remained the same. The uncertainties for all the values are listed as well. The pipe angle uncertainty had to be obtained through propagation.
Observations for each section of the pipe are given. Each symbol refers to a specific bubble output rating and can be deciphered from the key.

End of Pipe
Height, Z1 [in]

Uncertainty of
Z1, UZ1 [in]

Change in Pipe
Height ΔZ, [in]

Uncertainty of
ΔZ, UΔZ [in]

Pipe Angle,
θ [◦]

Uncertainty
of θ, Uθ [◦]

3.25
0.25
6.50
0.35
-8.0
4.5
0.25
5.25
0.35
-6.5
8
0.25
1.75
0.35
-2.2
8.5
0.25
1.25
0.35
-1.5
9.75
0.25
0.00
0.35
0.0
10.75
0.25
-1.00
0.35
1.2
12
0.25
-2.25
0.35
2.8
13
0.25
-3.25
0.35
4.0
13.25
0.25
-3.50
0.35
4.3
17
0.25
-7.25
0.35
9.0
17
0.25
-7.25
0.35
9.0
17.25
0.25
-7.50
0.35
9.3
21
0.25
-11.25
0.35
14.0
21.5
0.25
-11.75
0.35
14.6
25.5
0.25
-15.75
0.35
19.8
26.5
0.25
-16.75
0.35
21.1
29.75
0.25
-20.00
0.35
25.4
31
0.25
-21.25
0.35
27.2
33.25
0.25
-23.50
0.35
30.3
*Key for Observations: "+" = Several Bubbles, "|" = Some Bubbles, "-" = No Bubbles
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0.438
0.435
0.435
0.435
0.435
0.436
0.436
0.436
0.440
0.440
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0.448
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0.463
0.467
0.482
0.489
0.504
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